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SECTION I

INTRODUCT ION

This report analyzes potential failure modes for various gyro and

accelerometer des i gns and their associated electronics and considers the most

appropriate redundant mechanizations for these sensors.

The intent is to establish optimum configurations for a Multifunction

Inertial Reference Assembly (MIRA) using various sensors generally in a skewed
axes array. The resultant MIRA system is intended to provide the required

angular rate and translational, acceleration measurements for flight con trol ,
navigation , weapon delivery , cockpit display and terminal area control.

The sensors considered are two—degrees—of—freedom tuned rotor gyros ,

sing le—degree~-of—freedom floated gyros, laser gyros, single and two—degree—of—

freedom accelerometers and a multisensor configura tion based on a tuned rotor
gyro. Failure rates were established for these types of sensors and their

electronics. Then, system mechanizations were considered and their deficien—

cies were examined .

All systems are required to be fail—operational/fail—operational . The

definition of fail—operational/fail—operational redundancy is that the system

can DETECT and ISOLATE two separate failures of any of its component parts.

Some ccnsideration was initially given to system mechanizations that could
detect two failures, but only isolate the first failure. These have been

referred to in past literature as fail—op/fail—safe . However, for a fail—safe

mode to be valid assumes that the redundant system is neither flight critical

or mission critical. As the MIRA concept is to integrate avionics functions,

there will be a high percen tage of applications where the equipment is flight
or mission critical. Therefore, a fail—op/fail—safe system was not considered

appropriate for MIRA.

The failure detection and isolation in the mechanizations studied is all

based on comparison of the outputs of the system sensors. The addition or

implementation of Built—in—Test (BIT) to augment failure detection and

1 
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isolation was not part  of the intent of this report . The addi t ion  of BIT

to any system could possibly improve the probability of f a i l u r e  detect ion and
isola tion , but it does not alter the basic configuration. To obtain fail—

op/fail—op redundancy , a minimum of four two—degree—of—freedom (the system

must be configured to allow for both axes to fail) or six single—degree—of—

freedom instrumen ts mus t be implemented in some manner. Any increase in the
ins t rument  complement over the minimum is to improve packaging e f f i c iency,
survivabil i ty or performance rather than reliability . Therefore, there does
not appear to be a viable trade—off between BIT and the number of instruments.

2 
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SECTION II

FAILU RE RATES FOR VARIOU S INERTIAL INSTRUMENTS

AND ThEIR ASSOCIATED ELECTRONICS

The following section analyzes the failure rates for various instruments

and their associated electronics. The methodology used was to analyze the

probability of failure of typical instrument components , e.g., coils , bearings,
suspensions, and apply these to various instrument configurations. For the

electronics , a typical design was analyzed and then modified to fit various

instruments.

The results show failure rates for accelerometers that approximate those

observed in applications , although , in general , somewhat lower. The computed

gyro failure rates were lower than present exper ience shows for aircraf t
applications. Further analysis, however , reveals two reasons for this.

First, the present gyros used in production conf igura tions are heated ,
and for aircraft, high heat rates are used to improve reaction time. Also,

it has been observed that a large percentage of failures are due to case leak

problems . Our analysis suggests that the hermetic seals on gyros are being

over stressed due to the high heat rates  applied .

Secondly ,  all present gyros in a i rcraf t  operate at much higher rotational

speeds tl-.an the gyros that are being used in the preproduction strapdown
systems presently being designed . The present prod uction systems are of

course, gimbaled . This higher rotational speed greatly increases bearing

wear , which affects gyro operation.

The following analysis only addresses catastrophic , i.e., complete fail—

ures. It does not address “out—of—tolerance” or recalibration occurrences.

In production systems presently in the field , failure data is often contamin—

ated by tne inability to determine the difference between a catastrophic and
“out—of—tolerance ” fai lure.

3 
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One other factor that a redundant system should improve is the false

indication of failure , that often occurs in present systems.

The definition of airborne—inhabited and airborne—uninhabited environment

is from Reference I. Airborne—inhabited means the equipment is loca ted in an
area controlled for crew members, whereas airborne—uninhabited means that

the location is outside the crew compartment.

2.1 Failure rates for the TDF gyro and associated electronics assembly.

The failure rate for a two—degree—of—freedom , dry tuned gyro and its
associated electronics in an uninhabited flight environment is estimated to

be 76 per million hours for a two—axes failure and 8 per million hours for a S

single—axis failure. Table 1 lists the failure rates for the major sub—

assemblies. The gyro failure rate accounts for approx:iinately 11 out of the

76 , while the electronics accounts for the other 65 for the two—axes failure
case. For the single axis failure case, the gyro accounts for 0.104 and the

electronics 8.028. From the relative numbers, it is obvious that a single

axis failure can hardly ever happen in a gyro; both axes are nearly always

effected . The only possibility of a single axis electronic failure is if the

I/O for that axis fails. Any failure in one axis of the torquing electronics,

for example , will cause an open loop condition which will affect the other axis.

TABLE 1. FAILURE RATES FOR THE TDF GYRO AND ASSOC IATED ELECTRONICS
FOR UNINHABITED AIRBORN E ENVIRONMENT

Failure Rates
Assembly (Per 106 Hrs)

Single Axis Two Axes

Gyro 0.104 10 .500
Preamplif ier  — 1.708
Digital Caging Amplifier — 23.443

Spin Power Supply — 18.635

~~~I/O 8.028 —

[ 
P~~~ e: Supply — 21.548

Total 8.132 75.834

Military Standardization Handbook. Reliability Prediction of Electronic
Equipment , Military Handbook 217B , 20 September 1974 , Department of
Defense. 
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The one—and two—axis failures are calculated separately so that the axes

orientation can be optimized for failure detection in Section III.

2.1.1 Failure rates for the electronics. Tables 2 through 9 show

failure rates for typical electronics that are used with the TDF gyro.

Digital pulse width binary torquing electronics were selected because this

type would appear to be most commonly used in newer systems.

TABLE 2. RELIABILITY PREDICTION DATA FOR ThE PREAMPLIFIER
AIRBORNE UNINHAB ITED

Individual Total
Quant Stress Failure Failure

( )  Par t Type/Assembly 
Ratio Rate Rate

(A )/ 106 Mrs (r~A)/ l0 6
Mrs

2 i.c. (LM118) — 0 . 6 4 1  1.282

SsI/MSI

4 Capacitor (CKR) 0.4 0.022 0.088
Ceramic

4 Capacitor (CYR) 0.4 0.072 0.288
Glass

10 Resistor , (RCR) 0.2 0.005 0.050
Carbon

Assembly Failure Rate 1.708 Failures/10
6 Hours

Assembly MTBF 5.85 x 10~ Hours

5
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TABLE 3. RELIABILITY PREDICTION DATA FOR THE DIGITAL TORQDING
ELECTRONICS AIRBORNE UNINHABITED

Individual Total
Quant Part Type/Assembly Stress Failure Failure

(X ) (ia )

2 I .C.,  SSI/MSI (CD4053) — 0.263 0.526
Digit al

2 I.C., SSI/MSI (ANI500) — 0.071 0.142
Digital

1 I.C., SSI/MSI (LM111) — 0.482 0.482
Linear (M38510/

________ 

10304) 
_____________ __________ _____________ __________

2 I.C., SSI/MSI (121112) — 0.533 1.066
Linear

4 I.C., SSI/MSI (LM1I8) — 0.64 1 2 .564

Linear

2 Transistor, NPN , (JANTX) 0.2 0.079 0.158
Linear

8 Transistor, PNP , (JANTX) 0.2 0.130 1.040
Linear

8 Transistor , Field (JANTX) 0.2 0.744 5.952
Effec t, Linear

18 Diode, General (JANTX) 0.2 0.120 2.160
Purpose

2 Diode, Zener (JANTX) 0.2 0.244 0.488

20 Capacitor , Ceramic (CKR ) 0.4. 0.022 0.440

4 Capacito r , Tant. (CSR) 0.4 0.026 0.104
Solid

5 Resistor, Film (RNC) 0.2 0.011 0.055

52 Resistor , Carbon (RCR) 0.2 0.005 0.260

_______ 

Composition 
___________ __________

2 Resistor , Variable (RTR) 0.2 0.083 0.166
1 Connector , 90 Pin — 7.840 7.840

Assembly Failure Rate 23.443 Failures/106 Hours

Assembl y MTBF 42 .656 Hours

6
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TABLE 4.  RELIABILITY PREDICTION DATA FOR THE GYRO MOTOR
ELECTRONICS AIRBORNE UNINHABITED

Individual Total
Quant. IA ~~ 

Stress Failure Failure
(~) Par t Type,etssemuiy 

Ratio Rate Rate
(A) (nA)

1 I.C., SSI/MSI Digital (CD4O11) — 0.094 0.094

______ 

(1438510/05001) 
____________ ________ ___________ ________

3 I.C., SSI/MSI Digital (CD4027) — 0.313 0.939

______ 

(M38510/05 102) 
_____________ _______ ___________ ________

1 I.C., SSI/MSI Digital (CD4029) — 0.330 0.330
_ _  

( ) 
_ _ _ _ _  _ _ _  _ _ _ _  _ _ _

3 I. C. ,  SSI/MSI Digital (SN54 161) — 0 . 2 4 6  0 . 7 3 8

_______ 
(M385 10/01306) 

_____________ _______ ____________ ________

3 I.C., SSI/MSI Digital (DM7095) — 0.119 0.357
2 I.C., SSI/MS I Digital (SN54LS112) — 0.126 0.252

2 I.C., SSI/MSI Digital (SN5400) — 0.103 0.206

_______ 

(M385 10/O0104) 
_____________ ________ ____________ _________

2 I.C.,  SSI/MSI Digital (SN5404) — 0.111 0 .222

_______ 
(1438510/00105) 

_____________ ________ ____________ _________

1 I.C., SSI/MSI Digital (SN542O) — 0.082 0.082
_______ 

(M3851O/00102) 
_____________ ________ ____________ _________

1 I.C., SSI/MSI Digital (SN5493) — 0.224 0.224
_______ 

(M38510/O0901) 
_____________ _______ ___________ _________

1 I.C. ,  SSI/MS I Digital (SN54153) — 0.150 0.150

_______ 

(M38510/01403) 
_____________ _______ ___________ _________

5 I.C.,  SSI/MSI Digital (SN54163) — 0 . 2 4 6  1.230

_______ 
(M385 10/O1304) 

_____________ ________ ____________ _________

1 I.C., SSI/MSI , Linear (LM1OS) — 0.395 0.395
1 I.C., SSI/MSI , Linear (LM112) — 0.533 0.533
1 I.C., SSI/MS I , Linear (LM139) — 0.482 0.482
1 Transistor, NPN, Logic (JANTX) 0.2 0.037 0.037

Switch

6 Transistor, NPN , Linear (JANTX) 0.2 0.079 0.474

1 Transistor, PNP, Linear (JANTX) 0.2 0.130 0.130
3 Diode, General Purpose (JANTX) 0.2 0.120 0.360

12 Diode, SCR (JANTX) 0.2 0.244 2.928
8 Capacitor, Ceramic ( CKR ) 0.4 0.022 0.176
5 Capacitor, Tant. Solid (CSR) 0.4 0.026 0.130

30 Resistor, Film (RLR) 0.2 0.010 0.300

1 Resistor, W.W., Power (RWR) 0.2 0.026 0.026
1 Connector, 90 Pin — 7.840 7.840

Assembly Failure Rate 18.635 Failures/106 Hours

Assembly MTBF 53,662 Hours

7 
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TABLE 5. RELIABILITY PREDICTION DATA FOR THE I/O ELECTRONICS
AIRBORNE UNINHABITED

Individual Total
Quant Stress Failure FailurePart Type/Assembly 

Ratio Rate Rate

El 
_____  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

(U (nU

1 I.C., 1024 (AN5300) — 1.372 
- 

1.372
Bit PROM

l.C., SSI/MSI (A141500) — 0.071 0.07 1
Digital

1 I . C .,  SSI/MSI (SN5400) — 0.103 0.103
Digital (14385 10/

_______ 

00104)
1 I.C., SSI/MSI (SN5402) — 0.111 0.111

Digital (1438510/

_______ 

00401)

1 I.C., SSI/MSI (SN54123) — 0.126 0.126
Digital (M38510/

________ 

01203) 
__________ ______________ __________

2 I. C . ,  SSI/MS I (SN54161) — 0.246 0 .492
Digital (M38510/

________ 

01306) 
_____________

4 I .C .,  SSI/MSI (SN54 164) — 0 .241  0 . 9 6 4

Digital (M38510/
00903)

2 I .C . ,  SSI/MS I (SN54LS112) — 0.126 0.252
Digital (M38510/

________ 

07102)

3 I.C., SSI/MSI (SN545257) — 0.168 0.504

________ 

Digital
1 I.C., SsI/MSI (124741) — 0.420 0.420

Linear (M38510/

_______ 

10101) 
___________ _________ _____________ _________

4 Capacitor, Ceramic (CKR) 0.4 0.022 0.088

1 Capacitor, Tant. (CSR) 0.4 0.026 0.026
Solid

10 Resistor, Film (RLR) 0.2 0.010 0.100

20 Resistor , Carbon (RCR) 0.2 0.005 0.100
Composition

1 Connector, 45 Pin — 3.299 3.299

Assembly Failure Rate 8.028 Failures/ 106 Hours

Assembly MTBF 124,564 Hours

8 
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TABLE 6. RELIABILITY PREDICTION DATA FOR T.HE POWE R SUPPLY ASSEMBLY
• AIRBORNE UNINHABITED

Individual Total
Quant. See Failure Failure

( )  Par t Type/Assembly 
Page Rate Rate

(A) (HA)

1 Powe r Supp ly Card 2—8 13.983 13.983
1 +5 Volt Supply Module 2—10 0.835 0.835
1 High Voltage Supp ly Card 2—9 6 .730 6.730

Assembly Failure Rate 21.548 Failures/ 106 Hours
Assembly MTBF 46 ,408 Hours

TABLE 7. RELIABILITY PREDICTION DATA FOR THE POWER SUPPLY CARD
AIRBORNE UNINHABITED

Individual Total
Quant. Stress Failure Failure

( )  Part Type/Assembly Ratio Rate Rate
(A) (OX)

1 I . C . ,  SSI/MSI Linear (LM1O5) — 0.395 0.395
1 I .C . ,  SSI/M9 1 Linear (LMI 11) — 0.482 0.482
3 I .C.,  SSI/MSI Linear (124139) — 0.482 1.446

11 Transistor , NPN , Linear 0.2 0.079 0.869
4 Transistor , PNP , Linear 0.2 0.130 0.520

12 Diode , General Purpose 
________ 

0.2 0.120 1.440
6 Diode, Zener 0.2 0.244 1.464

13 Diode , Rectifier 0.2 0.181 2.353

10 Capacitor , Tant. Solid (CSR) 0.4 0.026 0.260

28 Capacitor , Ceramic (CKR) 0.4 0.022 0.616
2 Capaci tor , Polycarbonate (CHR) 0.4 0.001 0.002

32 Resistor , Film (RLR) 0.2 0.010 0.320
1 Resistor, Film (RNC) 0.2 0.011 0.011

26 Resistor , Carbon Composition (RCR) 0.2 0.005 0.130
8 Resistor , W.W., Power (RWR) 0.2 0.026 0.208
1 Resistor , Variable • (RTR) 0.2 0.083 0.083

11 Coil , Power — 0.101 1.111
2 Transformer , Power — 0.101 0.201

1 Connector, 30 Pin — 2.072 2.072

Assembly Failure Rate 13.983 Failures/106 Hours

Assembly MTBF 71~ 515 Hours

9 
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TABLE 8. RELIABILITY PREDICTION DATA FOR THE HIGH VOLTAGE SUPPLY
• AIRBORNE UNINHABITED

• individual Total
Quant Stress Failure Failure

Part Type/Assembly 
Ratio Rate Rate

C X )  ( ‘ iX)

1 I . C . ,  SsI/MSI (LM124) — 0.804 0.804
Linear

11 Transistor , NPN , 0.2 0.079 0.869
Linear

1 Transistor , PNP , 0.2 0.130 0.130
Linear

10 Diode , General 0.2 0.120 1.200
Purpose

6 Diode , Rectifier 0.2 0.181 1.086

5 Capacitor , Tant. (CSR) 0.4 0.026 0.130
Solid

8 Capacitor , Ceramic (CR1) 0.4 0.022 0.176

1 Capacitor , (CHR) 0.4 0.001 0.001 - :
Polycarbonate 

__________ _____________. _____________ __________

12 Resistor , Film (RLR) 0.2 0.010 0.120

25 Resistor, Carbon (RCR) 0.2 0.005 0.125
Composition -

4 Resistor , W.V. ,  (RWR ) 0.2 0.026 0.104
Power

3 Coil, Power — 0.101 0.303

2 Transformer, Power — 0.101 0.202

1 Connector , 20 Pin — 1.480 1.480

Assembly Failure Rate 6.730 Failures/10
6 Hours

Assembly NTBF 148,588 Hours

10 
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TABLE 9. RELIABILITY PREDICT ION DATA FOR THE +5 VOLT SUPPLY MODULE
AIRBORNE UNINHABITED

Individual Total
Quant Part Type/Assembly Stress Failure Failure

(A ) (N A )

1 I.C., SSI/MSI (LM1O7) — 0 . 4 5 1  0 .451

Linear

2 Transistor, NPN , 0.2 0.079 0.158
Linear

1 Transistor , PNP , 0.2 0.130 0.130
Linear

1 Capacitor , Tant. (CSR) 0.4 0.026 0.026
Solid

4 Capacitor , Ceramic (CR1) 0.4 0.022 0.088

3 Resistor, Film (RLR) 0.2 ~).010 0.030

8 Resistor, Carbon (RCR) 0.2 0.005 0.040
Composition 

__________ ____________L _________

Assembly Failure Rate 0.835 Failures/ 106 Hours

Assembly MTBF 1, 197 ,605 Hours

2.1.2 Failure rates for the two—degree—of—freedom dry tuned rotor gyro.

Table 10 lists the TDF gyro failure rates for eight different envi’onments

for 10~C)0O hours of gyro operation. Table 11 lists these rates for 1(0,000

hours of operation. The base failure rate for 10,000 hours of operatic’n is

1.129 per million hours, and for 100,000 hours of operation is 6.139 per

million hours. The gyro bearings cause this difference in failure rates as a

function of operating time, since bearing failure is a wear—out phenomena.

Thus, for 100,000 hours of operation , the bearing failure rate of 5.0 per

million hours is the dominant rate; while, for 10,000 hours of operation the

feedthrough failure rate of 0.710 per million hours is the dominant rate.

The failure rate for a single axis only , of 0.0112 per rnillicn hours, is

the result of shorted turns in the torquer coils.

Table 12 lists the base failure rates for the gyro components.

11
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TABLE 10. TWO-DEGREE-OF—FREEDOM DRY TUNED ROTOR GYRO
FAILURE RATES VERSUS ENVIRONMENT S FOR

10,000 HOUR OPERATION

Single Axis Two Axis
Environment Multiplier Failure Rate Failure Rate

(Per 106 lirs) (Per 106 Hrs)

Base Rate 1.0 0.0112 1.129

Ground, Fixed 1.5 0.0168 1.694

Space, Flight 2.0 0.0224 2.258

Airborne, 2.5 0.0280 2.823
Inhabited

Naval , Sheltered 4 , 5  0.0504 5.081

Ground, Mobile 6.0 0.0672 6.774

Naval, 7.7 0.0862 8.693
Unsheltered

Airborne, 9.3 0.1041 10.500
Uninhabited

Missile , Launch 10.0 0.1120 11.290

12 
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TABLE 11. TWO-DECREE-OF-FREEDOM DRY TUNED ROTO..
FAILURE RATES VERSUS ENVIRONMENT S FOR

100,000 HOUR OPERATION

Single Axis Two Axis
Environment Multiplier Failure Rate Failure Rate

(Per 106 Hrs) (Per 106 Hrs)

Base Rate 1.0 0.0112 6.139

Ground , Fixed 1.5 0.0168 9.209

Space, Flight 20 0.0224 12.278

Airborne, 2.5 0.0280 15.348
Inhabited

Naval, Sheltered 4.5 0.0504 27.626

Ground, Mobile 6.0 0.0672 36.834

Naval, 7.7 0.0862 47.270
Unshel tered

Airborne, 9.3 0.1041 57.093
Uninhab ited

Missile, Launch 10.0 0.1120 61.390

13

_ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.



—~-—-——--..-- ~~~~ -——— 

TABLE 12. TWO-DECREE—OF-FREEDOM DRY TUNED ROTOR GYRO BASE
FAILURE RATES FOR COMPONENTS FOR 10,000 HOUR OPERATION

AND 100,000 HOUR OPERATION

Base Fate Base Rate
Gyro For ~~ Hours For iø~ Hours

Component Operation Operation
(.~r 10

6 Hrs) ~Per i~6 Hrs)

Coils 0.0112 0.0112Single Axis Fail

Coils
0.0218 0.0218Two Axis Fail

Bearings
0.000002 5.0Two Axis Fail

Suspension
0.00008 0.00008Two Axis Fail

Cement Joints
0.0002 0.0002Two Axis Fail

Feedthrus
0.71 0.71Two Axis Fail

Solder Connections 0.396 0.396

Total
0.0112 0.0112Single Axis Fail

Total
1.129 6.139Two Axes Fail

2.1.2.1 Base failure rate from shorts and opens in coils. The base

failure rate of a TDF gyro from a coil failure is 0.0112 per million hours for

a single—axis failure and 0.0218 per million hours for a two—axis failure.

Table 13 shows the individual coil failure rates.

14



TABLE 13. FAILURE RATES FROM CO IL FAILURES

Pickoff— Torquer— Motor—
8 Coils 4 Coils 3 Coils

(Per 106 Hrs) (Per 106 Hrs) (Per 10 Hrs)
p

Shorts No Failure Single Axis Two Axis
(0.0028/Coil) o - Failure 0.0112 Failure

_______________ ________________ _________________ 
0. 0008

Opens Two Axis Two Axis Two Axis
(0.0014/Coil) Failure Failure 0.0056 Failure

0.0112 0.0042

2 . 1 .2 .2  Coils. The dry tuned gyro has three types of coils:

a. Pickoff

b. Torquer

c. Motor

The pickoff coils consist of four primary coils and four secondary coils.

There are four torquer coils — two for each input axis. The motor coils

consist of three coils for a three phase motor (the most commonly used) and

four coils for a two phase motor.

Coil failures consist of shorts and opens with shorts occurring about two

thirds of the time and opens one third of the time. Shorts generally occur

between adjacent turns which has the effect of reducing the effective number

of turns in the coil by one or more. When this occurs, the coil may continue

to perform its function depending on the number of turns shorted, at’d the coil

function. When a coil fails due to an open circuit, it can no longer perform

its function. The following discussion considers the effects of shorts on

the three types of gyro coils.

2.1.2.3 Shorted turns in pickoff coils. Pickoff coils typically consist

of 200 to 400 turns — 10 layers of 20 to 40 turns each; the worst possible

short between adjacent turns would be between two end turns that effectively

removed both layers, thus reducing the number of turns i~ the coil by 20

percent. If this occurred in one of the primary coils, the effect would be

15

I

____  .--~~~—- ---—.-- -~~~~~~~
—-,--—— .-—---- —.—-—----. -...—-



~~~1 ~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~ - 

to increase the  p i c k o f f  scale f a c t o r  on tha t  axis  by one ha l f  of 20 pe rcen t ,

or 10 percent since there are two pr imary coils on each a x i s .  I f  t h i s

occurred in one of the  secondary coils , the e f f e c t  would be to reduce the

p ickoff  scale f a c t o r  by 10 percent .  The e f f e c t  of changing the  p i cko f f  scale

f a c t o r  by ±10 percent would be to change the  open loop ga in  of the  gyro

capture loop by the same percent . Since cap tu re  loops typ ica l ly  opera te  w i t h

10 dB to 20 dB of gain margin , a change of 10 percent (approx imately 1.0 dB)

Is of l i t t le  consequence and the gyro will continue to func t ion  normail y .

2 . 1 . 2 .4  Shorted turns  in torguer coils. Torquer coils t y p i c a l l y  consis t

of 100 to 200 turns . The worst case short between adj acent turns  would

e f f ec t i ve ly remove two of the 10 layers thereby reducing the to rque r  scale

factor  by 10 percent for  that axis . By the same rat ionale as presented in the

paragraph on shorted turns in the pickoff  coils , the gyro would continue to

func t ion  normally except that the rate information coming f rom the a f f e c t e d

axis would be in error by as much as 10 percent. Thus , the e f f e c t  of shorted

turns in a torquer coil would be to cause a single axis fa i lure .

2.1.2.5 Shorted turns in motor coils. Motor coils for a dry tuned gyro

typically consist of 20 coils per phase with 20 to 30 turns per coil. If

adjacent coils in the same phase were to short , the worst case effect would be

to lose about 10 turns out of 500 turns , in that phase. The e f fec t  of this

would be a slight unbalance In phases and a slight change in motor power and

the gyro would continue to function normally. If the short were to occur

between phases, the result would likely be to overload the motor supply or
overheat the gyro and thereby constitute a failure of both axes. However , the

number of turns adjacent to each other from one phase to another phase is

approximately 10 percent of the number of adjacent turns within a phase ; thus,

only about 10 percent of the shorted turns occurrences in a motor coil would

constitute a gyro failure.

2.1.2.6 Occurrence of shorts and opens in coils. Reference I gives the
failure rate model for high speed motors as:

Ap (A
E + A.~

) 
~E 

failures/(10)6 hours
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where :

= electrical failure rate = A
b OTY

)

p (i0)~
mechanical  f a i l u r e  r a t e  =

op

A
b 

= e lec t r i ca l  base f a i l u r e  r a t e  (Tables 2 .8.1—1 and —3 of R e f .  I)

= motor  fami l y and q u a l i t y  f a c t o r  (Table 2.8.1—2 of R e f .  I)

t = motor operating time (hr)  for  which is to be ca lcu la ted

P = percentage of motor mechanical failures during operating

period , t
op

= envi ronmenta l  f a c t o r  (Table 2 . 8 . 1 — 4  of Re f .  I)

The base electrical f a i l ut e  rate for  high qual i ty  synchronous motors with

a hot spot t emperature of 140°C and insulation rated at 155°C is listed as

0.0043 fa ilures per million hours. Since , as shown in the preceding para-

graph , a shorted turn would not generally cause a motor failure , this base

failure rate will be assumed to be entirely from “opens” and not from “shorts”;

thus , the base ra te  for  the occurrence of an c’p en in a coil is established as

one third of 0.0043 or 0.0014 per million hours (since the typical synchronous

motor has three coils). To establish the occurrence of shorts , it is assumed

that  shorts occur twice as of ten  as opens. The justification for this

assumption is “Handbook of Piece Part Fa i lu re  Rates ” , Mar t in—Mar ie t t a  Report

Number T—70—4889 1--007. This then establishes the base rate  of occurrence of

shorts in coils as 0.0028 per million hours .

2.1.2.7 Base failure rate from bearings. The problem of modeling the

f a i l u r e  rate of the lightly loaded instrument bearing is made d i f f i cult by a
lack of failure data because the mean time to failure (MflF) is so long. The

experience wi th in  the gyro industry has been that the lightly loaded instru—

ment bearing spinning at relatively low speec (6,000 RPM) has an MTTF in

excess of 100,000 hours. The calculated MTTF u t i l i z ing  equations from the

bearing indus t ry  is approx ima tely 1 ,000 ,000 hours.

17
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Since the  bear ing f a i l u r e  is a wear out phenomena , the f a i l u r e  r a t e  is not

constant but  increases w i t h  ope :ation t ime. For th i s  reason , f a i l u r e  r a t e s

have been der ived as a f u n c t i o n  of opera t ion  t ime and th i s  data is presen ted

in Figure 1. This der ived f a i l u r e  r a t e  varies f rom 2 x io—6 per mi l l ion

hours for  a 10,000 hour opera t ion , to 5 per mi l l ion  hours for  a 100,000 hour

operat ion.

To derive a f a i lu re  ra te  fo r  a wearout  phenomena , an MTTF and a wearout

d i s t r i b u t i o n  are needed . For the  f a i l u r e  ra tes  of Fi gure 1, a conservat ive

MTTF of 100 ,000 hours and a wearout  d i s t r i b u t i o n  based on three  sigma at 50

percent of MTTF (Figure 2) is used .

As a check on these derived f a i l u r e  rates , the MI L—HDBK—2 17B (Reference  I)

section on mechanical  f a i lu re  of high speed motors y ields approximate ly the

same fa i lure  ra te  for  a 10 ,000 hour operation .

For purposes of this analysis, it is assumed that the mechanical failure

of a motor is a bearing failure.

The bearings used in any inertial grade gyro are of the highest quality,

and the  lubricat ion used is a hi gh qua l i t y ,  long lasting, non—oxidizing type

such as Kendall KG—8 0. Also , the bearing loads are quite light (typically

less than 10 percent of rated load). Therefore, the use of the high quality

options in MIL—1-IDBK—217B is easily justified .

An MTTF for  the  bearing of 14 ,000 hours is derived from F i g u r e  2 . 8 . 1 — 1  of

217B for  operat ion at 6 ,000 RPM and 85°C. A wear out populati~.n of approxi—

mately  one motor out of one hundred million is derived from Figure 2.8.1—4

for a 10 ,000 hour operation t ime and a bear ing load of 10 percent of rated

load . This yields a failure rate during the 10,000 hour operation of 1 x io
_6

failures per million hours.

The fa i lu re  rate model used in Reference I for bearing failure assumes that

the MTTF is not increased by decreasing the bearing load and that the bearing
load decrease onl y decreases the failure rate for operating times less than

the calculated MTTF. The experience of the gyro industry has been that the

18
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lightly loaded instrument bearing spinning at relatively low speed (6,000

RPM) has an MTTF in excess of 100,000 hours of operation. The problem of

modelling the failure rate of the lightly loaded instrument bearing is made

difficult by a lack of failure data because the MTTF’s are so long.

2.1.2.8 Base failure rate for the suspension system. The weakest part of

the suspension system for a two—degree—of—freedom dry tuned rotor gyro is

typically the flexure. If the flexure strength is assumed to have a normal

distribution , then a failure model can be developed . The nominal strength of

a flexure is determined by the design and the material while the variation

from the nominal is determined by tolerances and heat treat conditions. The

tolerances are typically ±5 percen t on flexure thickness, which is the most
critical dimension, and the heat treat conditions are closely controlled ;

thus, the flexure strength deviation from nominal should be small.

Two assumptions are needed to be able to comp lete the failure model , they
are:

a. the nominal value of flexure strength.

b. the deviation from the nominal.

Reasonable values that are In the direction of worst case are:

a. a nominal strength of twice the rated value or maximum service value

(i.e., a safety factor of 2) for the worst case shock and vibration.

b. a deviation of 30 percent for the 3 sigma value.

Using these two values, the population of flexures with less than one half

the nominal strength is one out of 3 x 10~ .

The number of flexures in a two—degree—of—freedom , dry tuned gyro varies
from eight to twenty four. If the larger number is used the probability of

—7gyro failure from a flexure failure becomes 8.0 x 10 . Using a 10,000 hour

life time for the gyro this yields a failure rate of 0.00008 per million hours.
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2.1.2.9 Base failure rate from an epoxy bond joint failure. The

probability of a gyro failure from an epoxy bond joint failure was calculated

to be very low (2 x lo
_6

) ,  and the resulting failure rate, then, is very low;
0.0002 failures per million hours based on a 10,000 hour life time.

The epoxy bond joints in a typical gyro are:

a. torquer coil to coil support.

b. pickoff coil to pickoff core.

c. p ickoff core to p ickoff support.

d . spin motor stator to case.

e. permanent magnets to rotor.

f. suspension to rotor.

g. wire tack—down to case.

h. balance weight tacks .

All of these epoxy joints typically have a large area of contact for the

weight they suppor t, therefore the strength to weight ratio is very large.
The determining fac tor in the reliability of these joints will likely be

other factors than strength to weight, such as;

a. bonding procedures

b. the epoxy used

c. the characteristics of the materials being bonded .

For purposes of this analysis it was assumed that the bonding procedures
and the epoxies used were adequate for the materials being joined. However ,

it was reasonable to assume that the bonding procedures were not followed

perfectly. As a result, the effective area of some of the bond joints is less

than 100 percent . From this assumption , a fai lure model can be developed .

Since the quality control on gyros is normally stringent, it is reasonable to
assume a narrow normal distribution of bond area. A distribution with the

three sigma value at 50 percent of bond area would yield a population of one

joint in S x 1O
7
, with 10 percent or less bond area. If this Is assumed to

be the bond area that would eventually cause a failure of the joint, then the

probability of gyro failure from bond joint failure is:
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P(G/B) Probability of gyro failure from bond joint failure

P(B) Probability of bond joint failure

2 x io 8

N(B/G) = Number of bond joints in gyro

100 (typically)

P(G/B) 2 x 10 6

The purpose of this analysis is to show that the failure of a gyro, or any

other high grade inertial instrument, from a bond joint failure is quite low,

which agrees with the general experience in the industry in the last few years.

Ten years ago, bond joint failures were more common. However, epoxies have

been improved and experience gained in procedures and controls.

2.1.2.9.1 Torguer coil to coil support. The most susceptible bond joint

failure is the torquer coil to coil support, since it is frequently canti—

levered as shown below.

___________________

.

~~~~~~~~~~~

Bond Joint

Coil Support

The maximum stress on this joint is;

S(T) 6 xMxi.

b x t

where

M mass of coil

= 7 grams

0.015 lbs
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— displacement from joint to GC of coil

0.20 in.

b width of joint

0.50 in.

t thickness of coil

0.15 in.

= 1.6 PSI/c

This is tensile stress.

With a 10 percent of area bond joint and a 5,000 PSI tensile strength
cement this joint would fail at 312 g’s. The stress in shear is:

MS(s) — 
b x t

0.20 PSI/C

With a 10 percent of area bond joint and a 2,000 PSI shear strength cement,

this joint would fail at 1,000 g’s. The combined stress failure level would

be 237 g’s; thus, the 10 percent of bond area is a reasonable approximation

to yield a bond joint failure.

2.1.2.9.2 Permanent magnets to rotors. Typically, there are magnets

bonded to the rotor such that the centripetal forces cause tension in the

bond joint for some magnets and compression for some. This stress tends to

increase with the overall size of the gyro and is approximately 60 PSI of

tension and 90 PSI of compression for the largest two—degree—of—freedom dry

tuned rotor gyro in the industry . With a 5,000 PSI tensile strength cement,

and a 10 percent of bond area joint, there is a factor of eight safety

margin .

2.1.2.10 Base failure rate from feedthrough. A failure rate of 0.0237

per million hours is derived for a single pin feed through , and the typ ical

gyro has 20 to 40 such feedthroughs. This yields a gyro failure rate from a

feedthrough failure of 0.71 per million hours, if the median value of 30

feedthroughs is used.
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The only fa ilure ra te da ta fo und on herm et icall y sealed connec tors Is in

the FARADA handbook (Reference II) and lists a failure rate of 0.176 x io
_6
,

hour . This is for a 55 pin connector used in the Titan II Missile Guidance

Computer and is based on zero failures in 5.668 x io6 hours.

The fai lure rate for a single pin connector would be expected to be lower

than a 55 pin header , but not by the ratio of 55:1. A compromise ratio would

be 7.4:1 based on the square root of 55. For lack of a better model or

better data , the following relationship is used for the failure rate of a

hermetically sealed connector with N pins —

F
R 

0.176 x io_6 
~~~~~~ per hour

On the gyros, the feedthroughs are considered to be a 1 pin connector. The

failure rate per feed through is:

F
R 

0.0237 x io_6 
failures per hour

2.1.2.11 Cover to case joint and hermetic seal. The typical cover to

case joint is shown in Figure 3. For this joint to fail from acceleration

loading would require 2 x io6 
g’s. To fail from differential pressure would

require 800 PSI inside to outside. However, the maximum inside to outside

difference is about 5 PSI. Therefore, the probability of failure of this

joint in service from acceleration or pressure is insignificant.

There are means of causing failure in the cover to case joint that have

been experienced in the industry, however. By attaching a heater to the

cover and using it for rapid warmup, the low heat capacity of the cover and
poor thermal conductivity from the cover to the case will cause a large

“Failure Rate Data” from the Governmen t and Industry Data Exchange.
Program.
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Figure 3. Solder Band Seal
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differential temperature between cover and case. This large differential

temperature will cause a stress in the solder joint , and the 5,000 PSI strength

of the solder will be exceeded by a differential temperature of approximately

50°F. For fast reaction systems, where the heating time for the gyros Is in

the order of two or three minutes , a differential temperature of 50°F can

easily be generated , especially when the ambient temperature is low. High

heating rates can also have an effect on the feedthrough fa i lure  ra te  (previous

section). Thus, using the cover for heat input will lower the reliability of

this joint. For purposes of this analysis it was assumed that the cover was

not used for heat input , or that gyro hea ters were not employed.

2.1.2.12 Base failure rate from solder connections. The base failure rate

as listed in Reference I from solder connections is 0.0044 per hour per con-

nection for hand made connections. The estimated number of connections for

the two axes gyro is 90 and the resulting fai lure rate is 0.396 per million

hours.

2.2 Failure rates for the pendulous single-axis, two-axes and three—axes

dry accelerometers and associated electronics. The failure rates for the

single axis, two axes, and three axes accelerometers and the associated

electronics in a uninhabited airborne environment are:

a. Single-axis 45.474/106 hrs

b. Two-axes 58.726/106 hrs

Three-axes 80.400/106 hrs

Table 14 lists the failure rates for the major subassemblies, which are

the basis for the above numbers.

The failure rates for the electronics assemblies were derived by similarity

to the electronics assemblies for the two—degree—of—freedom gyro. This

assumes pulse torquing for the accelerometers that is similar to that used for

the gyro.
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TABLE 14. FAILURE RATES FOR SINGLE-AXIS , TWO-AXES AND THREE-AXES
ACCELEROMETERS AND ASSOCIATED ELECTRONICS FOR AN

UNINHABITED AIRBORN E ENVIRO NMENT

Failure Ra tes
(Per 106 Hrs)

Assembly
Single Two Three
Axis Axes Axes

Accelerometer, Dry 2.093 3.943 5.794

Preamp 1.02~i 1.703 2.215

Digital Cag ing Amp 14.066 23.450 32.720

I/O 6.045 8.028 
- 

13.210

Power Supply 17.111 21.548 26.461

Total 45.474 58.72f, 80.400

2.2.1 Failure rates for the single—axis, two—axes, and three—axes dry

accelerometers. The base failure rates for the single—axis, two—axes and

three—axes unfloated accelerometers are:

a. Single—axis 0.225/106 hrs

b. Two—axes 0.424/10
6 hrs

c. Three—axes 0.623/106 bra

Table 15 lists the failure rates for these accelerometers for eight dif-

ferent environments . Table 16 lists the base failure rates from the

accelerometer components.
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TABLE 15. FAILURE RATES FOR THE SINGLE-AXIS , TWO-AXES AND THREE-AXES ,
DRY ACCELEROMETERS VERSUS ENVIRON MENTS

Failure Rates

(Per io 6 Hrs)
Environment Multipl ier

Single Two Three
Axis Axes Axes

Base Rate 1.0 0.225 0 .424 0 .623

Ground , Fixed 1.5 0.338 0.636 0.935

Space , Flight 2.0 0.450 0.848 1.246

Airborne , Inhabited 2.5 0.563 1.060 1.558

Naval , Sheltered 4.5 1.013 1.908 2.804

Ground , Mobile 6.0 1.350 2.544 3.738

Naval , Unsheltered 7 . 7  1.733 3.265 4.897

Airborne , Uninhabited 9.3 2.093 3.943 5.794

Missile, Launch 10.0 2.225 4.240 6.230

TABLE 16. BASE FAILURE RATES FOR THE SINGLE-AXIS, TWO -AXES , AND THREE -
AXES , DRY ACCELEROMETERS BY COMPONENTS

Base Failure Rates
Accelerometer (Per 106 Hrs)
Component 

Single Two Three
Axis Axes Axes

Coils 0.0140 0.0280 0.0420

Pivot/Flexure 0.00003 0.00006 0.00009

Cement Joints 0.0001 0.0002 0.0003

Solder Connections 0.211 0.396 0.581

Total 0.225 0.424 0.623
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2.2.2 Base failure rates from shorts and opens in coils. The base rates

of the sing le—axis , two—axes , and three—axes  dry  accelerometers  are:

a. Single-axis 0.0140/ 106 hrs

b. Two—axes 0.0280/10
6 hrs

c. Three—axes 0.0420/10
6 hrs

Table 17 shows the individual coil fa i lu re  ra tes .

TABLE 17. COIL FAILURE RATES IN ACCELEROMETERS

Pickoff  Torquer
4 Coils/Axis 2 Coils/Axis
(Per iO6 Hrs) (Per 106 Hrs)

Single Two Three Single Two Three
Axis Axes Axes Axis Axes Axes

Shorts No Failure
(0.0028/Coil) 0 0 0 0.0056 0.0112 0.0168

Opens 
0.0056 0.0112 0.0168 0.0028 0.0056 0.0084

(0.0014/Coil)

2.2.3 Base failure rate from jewel and pivot or fiexure. The probability

of a pivot failure or a single flexure failure is the same as the probability

of a flexure failure in a two—degree—of—freedom gyro , If the same assumptions

are used . This yields failure rates from pivot/flexure failure for the dry

accelerometers o f :

a. Single-axis 0.00003/10
6 hrs

b. Two-axes 0.00006/106 hrs

c. Three-axes 0.00009/10
6 hrs

2.2.4 Base failure rate from an epoxy bond joint failure. The dry

accelerometers have approximately one half the number of bond joints per axis

as a gyro ; thus the fai lure rates are :
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a. Single—axis 0.0001/106 hrs

b. Two—axes 0.0002/106 ~‘rs

Three—axes 0.0003/106 hrs

2.2.5 Base failure rate from feedthroughs and cover seal. The typical

dry accelerometer does not require a hermetic seal. Therefore, the hermeticity

failure of a feed through or cover seal does not produce an accelerometer
failure. This is significant f or fas t warm—up systems where the accelerometer

is heated at a fast  rate (see paragraph 2 . 1 . 2 . 1 1 ) .

2.2.6 Base failure rate from solder connections. The base failure rate

from solder connections is 0.0044 from Reference I per connection for hand-

made connections. The estimated numbers of connections and resulting fa i lure

rates for the dry accelerometers are listed in Table 18.

TABLE 18. FAILURE RATE FOR ACCELEROMETER SOLDER CONNECTIONS

Failure RatesAccelerometer Connections
(Per 10’-’ lirs)

Single Axis 48 0.211

Two Axes 90 0.396

Three Axes 132 0.581

2 . 3  Failure rates f or the single-axis, floated accelerometer and

associateci electronics. The fa i lure  rate for  a single-axis, floated acceler-

ometer and the associated electronics in the uninhabited airborne environment

is approximately 60 per million hours. Table 19 lists the failure rates for

the major subassemblies.

The failure rates for the electronics assemblies were derived by

s imi lar i ty  to the electronics assemblies for the two—degree—of—freedom gyro.
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TAB .E 19. FAILURE RATES FOR SINGLE-AXIS , FLOATED ACCELEROMETER AND
ASSOCIATED ELECTRONICS FOR A UNINHABITED AIRBORNE ENVIRONMENT

Assembly Failure
6
Rate

(Per 10 Hrs)

Accelerometer , SA/Floated 16.563

Preamplifier 1.025

Digital Caging Amplifier 14.066

I/O 11.181

Power Suppl y 17.111

Total 59.946

2 .3.1 Failure rates for the single-axis, floated accelerometer. Table

20 lists the single—axis , floated accelerometer failure rates for eight

different environments. The base failure rate is 1.570 per million hours.

TABLE 20. SINGLE-AXIS, FLOATED ACCELEROMETER FAILURE RATES
VERSUS ENVIRONMENTS

Failure RateEnvironment Multiplier 
(Per 106 Hrs)

Base Rate 1.0 1.781

Ground , Fixed 1.5 2.672

Space, Flight 2.0 3.562

Airborne , Inhabited 2.5 4.453

Naval, Sheltered 4.5 8.015

Ground , Mobile 6.0 10.686

Naval , Unsheltered 7 .7  13.714

Airborne , Uninhabited 9 .3  16.563

Missile , Launch 10.0 17.810

Table 21 lists the base failure rates froni the accelerometer components.
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TABLE 21. BASE FAILURE RATES FOR A SINGLE-AXIS FLOATED
ACCELEROMETER BY COMPONENTS

Base FailureAccelerometer
Component (Per 106 }Irs)

Coils 0.0140

Jewel and Pivot 0.00003

Cement Joints 0.0001

Feedthrus 0.355

Solder Connections 0.211

Bellows 1.20

Total 1.781

2.3.2 Base failure rates from shorts and opens in coils. The base

failure rate of a single—axis floated accelerometer from a coil fai lure is

0.0140 per million hours. Table 22 below shows the individual coil fai lure

rates.

TABLE 22. FAILURE RATES FOR COILS IN A FLOATED ACCELEROMETER

Pickoff— Torquer
4 Coils 2 Coils

(Per 106 firs) (Per 106 firs)

Shorts No Failure 6(0.0028/Coil) 0 0.005

(0.0014/Coil) 0.0056 0.0028

2.3.3 Base failure rate from jewel and pivot failure. The probability of

a jewel and pivot failure in an accelerometer is the same as the probability

of a jewel and pivot failure in single—degree—of—freedom gyro. This yields

an accelerometer base failure rate of 0.00003 per million hours.
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2.3.4 Base failure rate from an epoxy bond joint failure. The base

failure rate for an accelerometer is 0.0001 per million hours from a bond

joint  fa i lure .  This is half of the value for a gyro since it has half the

number of bond joints .

2 .3 .5  Base failure rate from feedthroughs and bellows. The base fai lure

rate  from feed throughs for an accelerometer is 0.355 per million hours. An

accelerometer has about half the number of feedthroughs as a gyro, therefore ,

half the failure rate.

The f a i lu re  from the bellows is the same as for the floated gyro bellows ,

1.20 per million hours.

The total failure rate from feedthroughs and bellows is 1.555 per million
hours.

The fact that leak proof seals and bellows are required , is the major dif-

ference between floated and unfloated accelerometers.

2.3.6 Base failure rate from solder connections. The base failure rate

from solder connections is 0.0044 per connection for handmade connections .

The estimated number of connections for  the single—axis accelerometer is

48 and the resulting failure rate is 0.211 per million hours.

2.4 Failure rates for the multisensor and associated electronics. The

type of multisensor considered here is the rotating wheel variety that gives

two axes of rate and two axes of acceleration measurement.

The fa i lure  rate  for a multisensor and the associated electronics in an

uninhabited f l ight environment is approximately 123 per million hours. Table

23 lists the failure rates for the major subassetnblies.

The failure rates for the electronics assemblies were derived by similarity

to the electronics assemblies for the two—degree—of—freedom gyro.
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TABLE 23. FAILURE RATES FOR MULTISENSOR AND ASSOCIATED ELECTRONICS
FOR AN UNINHABITED AIRBORNE ENVIRONMENT

Assembly Failure Rate
(Per 106 firs)

Multisensor 11.774

Prearnps 3.416

Digital Caging Amp 35.165

Spin Supply 18.635

I/O 
- 

32. 120

Power Supply 21.548

Total 122.658

2.4.1 Failure rates for the multisensor. Table 24 lists the fai lure rates

for the multisensor for eight different environments and for two different

periods of operation , 10,000 hours and 100,000 hours. The base failure rate

for 10,000 hours of operation is 0.826 per million hours and 5.826 per
million hours for 100 ,000 hours of operation. The spin bearings cause this

increase in failure rate as a function of operating time since bearing failure

is a wearout phenomena.

TABLE 24. FAILURE RATES VERSUS ENVIRONMENTS FOR A MULTISENSOR

10,000 Hour 100,000 Hour
Operation Operation

Environment Multiplier Failure Rate Failure Rate
(Per io6 Hrs) (Per 106 firs)

Base Rate 1.0 1.266 6.266

Ground, Fixed 1.5 1.899 9.399

Space, Flight 2.0 2.532 12.532
Airborne, Inhabited 2.5 3.165 15.665
Naval, Sheltered 4.5 5.697 28.197
Ground , Mobile 6.0 7.596 37.596
Naval, Unsheltered 7.7 9.748 48.248

Airborne, Uninhabited 9.3 11.774 58.274
Missile, Launch 10.0 12.660 62.660
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Tabie 25 lists the base fa i lu re  rates for  the mul t i sensor  components .

TABLE 25. BASE FAILU RE RATES FOR A MU LTISENSOR BY COMPONENT

10,000 Hour 100 ,000 Hour
Component Operation Operation

(Per 106 Hrs) (Per 106 firs)

Coils 0.0442 0.0442

Bearings 0.000002 5.0
Suspension 0.0007 0.0007

Bond Joints 0.0002 0.0002

Feedthroughs 
— 

0.781 0.781 
—

Solder Connections 0.440 0.440

Total 1.266 6.266

2 . 4 .2  Base fa i lure  rate from shorts and opens in coils. The base failure

rate of a multisensor from a coil failure is 0.0442 per million hours.

Table 26 shows the individual coil failure rates.

TABLE 26. COIL FAILURE RATES FOR A MULTISENSOR

Pickof f— Torquer— Motor
16 Coils 4 Coils 3 Coils

(Per 106 firs) (Per 106 firs) (Per 106 Hrs)

Shorts No Failure 0.0112 
0 0008

(0.0028/Coil) 0 (Single Axis)

(0.0014/Coil) 
0.0224 0.0056 0.0042

2.4.3 Base failure rate from bearing failure. The base failure rate or

a multisensor from bearing failure is the same as for the two—degree—of-

freedom gyro if the same low spin speed is used (6,000 RPM). Since bearing

failure is a wearout phenomena, the failure rate varies from a very low
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0.000002/ 106 hrs for  10,000 hours of operation to 5.0/106 hrs for 100,000

hours of operation .

2.4.4 Base failure rate from suspension system fa i lure .  The base f a i lu re

rate of a multisensor from a suspension system failure is the same as for
the two—degree—of—freedom gyro — 0.0007 per million hours. This is using the

maximum number of f lexures  as was used for  a gyro.

2 .4 .5  Base fai lure rate from an epoxy bond joint failure. The probability

of a multisensor failure from an epoxy bond joint failure is the same as for

the two—degree—of—freed om gyro — 0.0002 failures per million hours.

2.4.6 Base fa i lure  rate  from feedthrough failure. The base failure rate

from feedthroughs for  a multisensor will be slightly higher because there will
be ab’~ut 10 percent more feedthroughs ; thus, the failure rate is 0.781 per

million hours.

2.4.7 Base failure rate from solder connections. The base failure rate

from handmade solder connections is 0.0044/106 hrs per connection per

MIL—STD—217B. The estimated numbers of connections for the multisensor is 100

and the resulting failure rate is 0.440/10
6 
hrs.

2.5 Failure rates for single—degree—of—freedom floated gyro and associated

electrcnics. The failure rate for a single—degree—of—freed om floated gyro and

the associated electronics in an uninhabited flight environment is approxi-

mately 8.2 per million hours. Table 27 lists the breakdown for the major

subassemblies.

The failure rates for the electronics assemblies were derived by similarity

to the electronics assemblies for the two—degree—of—freedom gyro , i.e.,

~u1se torqued .
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TABLE 27.  FAILURE RATES FOR SINGLE-DEGREE-OF-FREEDOM FLOATED
GYRO AND ASSOCIATED ELECTRONICS FOR UNINHABITED

AIRBORNE ENVIRONMENT

Failure RateAssembly 6(Per 10 firs)

Gyro , SDF/Floated 20.972

Preamp 1.025

Digital Caging Amp 14.066

Spin Supply 18.635

I/O 6.045

Power Supply 21.548

Total 82.291

2.5.1 Failure rates for the single—degree—of—freedom, floated gyro. Table

28 lists the SDF gyro failure rates for eight different environments and

for two different periods of operation, 10,000 hours and 100,000 hours. The

base failure rate for 10,000 hours of operation is 2.25 per million hours
and 7.26 per million hours for 100,000 hours of operation. The gyro bearings

cause this increase in failure rate as a function of operating time since

bearing failure is a wearout phenomena. For low speeds (approximately 100 Hz),
it is assumed that a ball—bearing and air bearing have the same failure rates.

Table 28 shows the failure rates for different environments and Table 29
gives the base failure rates for the gyro components.
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TABLE 28. FAILURE RATES VERSUS ENVIRONMENTS FOR
SINGLE-DEGREE-OF-FREEDOM FLOATED GYRO

10,000 Hour 100,000 Hour

Envirotiment Multiplier Operation Operation
Failure Rate Failure Rate

________________________ ____________ 

(Per iø6 firs) (Per 106 firs)

Base Rate 1.0 2.255 7.255

Ground , Fixed 1.5 3.383 10.883

Space, Flight 2.0 4.510 14.510

Airborne , Inhabited 2.5 5.638 18.138

Naval, Sheltered 4.5 10.148 32.648

Ground , Mobile 6.0 13.530 43.530

Naval, Unsheltered 7.7 17.364 55.864

Airborne, Uninhabited 9.3 20.972 67.472

Missile, Launch 10.0 22.550 72.550

TABLE 29. BASE FAILURE RATES FOR A SINGLE—DEGREE-OF-FREEDOM FLOATED GYRO

Base Failure Rates
(Per 106 firs)Gyro

Component 10,000 Hour 100,000 Hour
Operation Operation

Coils 0.0266 0.0266

Bearings 0.000002 5.0

Pivot and Jewel 0.0007 0.0007

Bond Joints 0.0002 0.0002

Feedthrus 0.710 0.710

Solder Connections 0.317 0.317

Bellows 1.2 1.2

Total 2.255 7.255
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2.5.2 Base failure rate from shorts and opens in coils. The base failure

rate of a SDF gyro from a coil failure is 0.0190 per million hours. Table 30

shows the individual coil failure rates.

TABLE 30. FAILURE RATE OF COILS FOR A SDF GYRO

Pickof f— Torquer— Motor—
4 Coils 2 Coils 3 Coils

(Per 106 firs) (Per 106 firs) (Per 106 firs)

Shorts No Failure
(0.0028/Coil) 0 0.0056 0.0084

Opens
(0.0014/Coil) 0.0056 0.0028 0.0042

2 .5.3 Base failure rate from bearing failure. The base failure rate of a

SDF gyro from bearing failure is the same as for a TDF gyro if the same low

spin speed (6 ,000 RPM) is used . Since bearing failure is a wear out phenomena,

the fai lure rate varies from a low 0.000002/ 106 hrs for 10,000 hours of

operation to 5/ 106 hrs for  100 ,000 hours of operation.

2.5 .4  Base failure rate from pivot and jewel failure.  The probability of

failure of the pivot or jewel in a SDF gyro is comparable to the suspension

system failure In a TDF gyro — both are very low. The failure rate is 0.0007

per million hours.

2.5.5 Base failure rate from an epoxy bond joint failure. The probability

of a SDF gyro failure from a bond joint fai lure was estimated to be the same

as for the TDF gyro — 0.0002 failures per million hours.

2.5.6 Base failure rate from feedthroughs and bellows. The base failure

rate from feedthroughs for a SDF gy-o is the same as a TDF gyro; 0.710 per

million hours. The SDF gyro also has bellows which yields a failure rate of

1.2 per million hours. The total for  feedthroughs and bellows is 1.91

failures per million hours.
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2.5.7 Base failure rate from solder connections. The base failure rate

from hand solder connections is 0.0044/106 hrs per connection from Reference I.

The estimated number of connections for the single axis gyro is 72 and the

resulting failure rate is 0.317/106 hrs.

2.6 Failure rate for the ring laser gyro in an uninhabited airborne

environment. The failure rate for the ring laser gyro in an uninhabited air-

borne environment is 11.54 per million hours for 10,000 hours of opera tion ,

and 57.02 per million hours for 100,000 hours of operation. The failure rates

by component are listed in Table 31.

TABLE 31. FAILURE RATE OF RING LASER GYRO BY COMPONENT IN AN
UNINHABITED AIRBORNE ENVIRONMENT

Failure Rate

Ring La~er (Per 106 firs)
Gyro Comr~onent 

10,000 firs 100 ,000 firs
Operation Operation

Laser 1.02 46.50

Readout Assembly 0.72 0.72

Path Length 1.86 1.86
Transducer

Dither Mechanism 0.0045 0.0045

Electronics 7.942 7.942

Total 11.54 57.02

2.6.1 Failure rate for the laser. The section on lasers from Reference I

217B follows:

“At the present time there is very little failure rate data,

must less failure rate models for laser devices. Some quanti-

tative life information is available and is shown in Table

2.4—1. For the most part , this data resulted from laboratory

testing and indicates reasonable values of lifetime that can
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be expected under these conditions. Caution is advised in

using these values for field conditions since no data is

presently available. For the time being, the tabula ted
values should be considered as an upper limit for f ield

values with actual field values probably lower . These valued

do not include peripheral apparatus such as power supplies,

pumps , cooling systems, etc. Quality control problems exist

and , if not carefully attended to , can seriously reduce the

lifetimes shown.”

TABLE 2.4—1

LASER LIFE CHARACTERISTICS

Material  Life  Character is t ics

Helium Cadmium 1500 hours
Krypton 2000 hours

Helium Neon 12 ,000 hours
Argon Blue 2,000 hours

Solid State Limited by Xenon flash lamps
(Ruby , Neodymium YAG , (10)7 pulses (low power)
Neod ymium Glass)
Heteroj unction 2 ,000 hours
(Gall ium Arsenide)
Sealed CO2 2,000 hours
Flowing CO2 No lifetimes available but

should be better than sealed
CO2 type.

Although, as pointed out in Reference 1, there is limited dat a on lasers ,

there is some s ign i f ican t  l i fe t ime data.  The ring laser gyro utilizes the

helium—neon lasing medium , and the primary fai lure modes for  th is  type of

laser are leaks and outgassing . By ut i l izing the best available vacuum seal

technology, lasers have been built and operated continuously for 100,000

hours.
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Although relatively low laser lifetimes could be used and justified by

Reference I, it must be realized that the ring laser gyro is a develop ing
technology , and that , in general, the latest techniques for achieving the

best laser lifetimes will tend to be used. Therefore, a more optimistic

assumption about laser lifetimes than is presented in Reference I can be

justified.

This analysis , then , makes the following opt imis t ic  assumptions:

a. The lasing medium is sealed , u t i l iz ing  the best available vacuum

sealing techniques.

b. The lasers are given adequate initial operation to screen out any

gross failures.

c. The MTTF for the laser is 100,000 hours , with a 3 sigma value at

10 percent of the MTTF.

This last assumption yields a failure rate that varies from 0.11 per mil-

lion hours for the first 10,000 hours of operation to 5.0 per million hours

for 100,000 hours of operation .

The environmental multipliers for the laser are:

Ground, Base 1.0
Space, Flight 1.5
Ground , Fixed 2.0
Airborne, Inhabited 2.5
Naval, Sheltered 4.5
Ground, Mobile 6.0
Naval, Unsheltered 7.7
Airborne, Uninhabited 9.3
Missile, Launch 10.0

Thus, the failure rate for the laser in an uninhabited airborne environment

for 10,000 hours of operation is 1.02 per million hours, and 46.5/10
6 hrs for

100,000 hours of operation.
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2 . 6 . 2  Fa i lu re  r a t e  of the  laser readout  assemb ly. The readout  assembl y

cons i s t s  of the readout subs t ra te , the  d ie lec t r ic  mirror , and the photo-

sensor. The photosensor is the onl y element tha t  has a sign i f i can t  f a i l u r e

rate and it is the same as a JANTX zener diode at 50 percent  s t ress  and

100°C. The f a i l u r e  ra te  is 0.0 18 per mi l l ion  hours .  The environmental

mu l t i p l i e r s  are as fo l lows :

Ground , Base 1

Space , Fl ight  1

Ground , Fixed 5

Airborne , Inhabited 25

Naval , Sheltered 25

Ground , Mobile 25

Naval , Unsheltered 25

Airborne , Uninhabited 40

Missile , Launch 40

Thus , the airborne uninhabited fa i lure  rate for this assembly is 0 .72  per

million hours.

2 .6 .3  Fai lure rate of the laser path length transducer.  The t ransducer

that is used for the laser path length control typ ically consists of a

p iezoelectric element and a mechanical diaphragm. The p iezoelectric element

was gi’~en the same failure rate as a quartz. crystal from Reference I, 0.2 per

million hours. The mechanical elemen t will be given the same fa i lure  rate as

a single flexure in a dry tuned gyro , 0.00003 per million hours.

The environmental mul t ipliers are:

Ground , Base 1.0

Space , Flight 1.5

Ground , Fixed 2.0

Airborne, Inhabited 2.5

Naval , Sheltered 4.5

Ground , Mobile 6.0
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Naval , Unshe l te red  7 . 7

Airborne , Uninhabi ted  9.3

Missile , Launch 10.0

Therefore , the airborn e , uninhabited fa i lure  rate  for  this  t ransducer  is

1.86 per million hours.

2 . 6 . 4  Failure rate  of the di ther  mechanism. The di ther  mechanism is onl y

one of the methods used to eliminate phase lock. However , it is presently

the most commonly used and the most successful.

The typical dither mechanism consists of a relatively stiff single rota-

tional degree—of—freedom suspension with piezoelectric drivers. There are 6

to 16 blades or flexures in the suspension with two piezoelectrics on each
blade. The geometry is such that a fa i lure  of any one f lexure would con—

stitut~ a fa i lure, while approximately half of the piezoelectrics would have

to fail to constitute a failure.

The failure rate of a single flexure for the dither mechanism is the same

as the failure rate of a single flexure for the dry tuned gyro , 0.00003 per

million hours .

If 16 blades are assumed this y ields a failure rate of 0.00048 per million

hours.

The piezoelectric has the same failure rate as a quartz crystal, 0.2 per

million hours. For any 16 out of 32 to fa il has a very small probability.

P( 16/32) 16! 16! X P

Where P = fa i lure  rate  x time for 100 ,000 hours

P 0.02

P( 16/32 ) = 3.94 x ici’9
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fo r  a f a i l u r e  ra te  of 3.94 x io
18 

per million hours.

Thus , the base f a i l u r e  r a t e  fo r  the d i t h e r  mechanism is 0.00048 per

mill ion hours.  The environmental mul t i p l iers  are :

Ground , Base 1.0

Space, Flight 1.5

Ground , Fixed 2.0
Airborne , Inhabited 2 . 5

Naval , Sheltered 4.5

Ground , Mobile 6 .0

Naval , Unsheltered 7 . 7

Airborne , Uninhabited 9.3

Missile, Launch 10.0

The uninhabited airborne environment failure rate for this mechanism is

0.0045 per million hours.

2 . 6 .5  Failure rate for the ring laser gyro electronics. The failure rate

for  the typ ical ring laser gyro electronics in an uninhabited airborne

environment is 7.942 per million hours. The breakdown by component is shown

in Table 32.
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TABLE 32. LASER GYRO ELECTRONICS FAILURE RATES

Individual Total
Quant. Stress Failure FailurePart Type/Assembly
(‘i ) Ratio Rate Rate

_____ ______________________ 
________ 

(A)/106 firs (~A)/10
6 firs

1 I.C., SSI/MSI (CD4053) — 0.263 0.263
Digital

2 I.C. , SSI/MSI (SN54160) — 0.246 0.492
Digi tal (1438510/
01303)

2 I .C. ,  SSI/MSI Linear (LM741) — 0.420 0.840
(1438510/10101)

3 I.C., SSI/MSI Linear (LM112) — 0.533 1.599

3 I.C., SSI/MSI Linear (LM118) — 0.64 1 1.523

17 Capacitor , Ceramic (CKR ) 0.4 0.022 0 .374

25 Resistor, Film (RLR) 0.2 0.010 0.250

1 Inductor , Power — 0.101 0.101

1 Crystal Oscillator — 2.100 2.100
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SECTION III

MECHANIZATION OF REDUNDANT INERTIAL REFERENCE ASSEMBLIES

The major items in the consideration of a redundant system mechanization

for a i rcraf t  are: ability to detect and isolate failures; the cost to acquire

the desired redundancy level ; the cost to maintain a system with the required

redundancy level ; the size and weight for  the required redundancy level ;

survivability of the system ; and the a f f e ct s  of the mechanization on accuracy .

These considerations will be examined in greater detail below :

a. Ability to Detect and Isolate Failures. There are two considerations

in detection . The first is the probability that a failure will be

detected , and the second is the time it takes to detect the failure.

The probability of detection is dependent on the level of redundancy

i.e., the number of channels, but, it will be shown in later sections

that the orientation of the sensors can also affec t the probab ility
of detection. However , even af ter  detection has occurred , the

ability to isolate the failed channel also must be established . This

ability to isolate the fa i lure  is also depend ent on the level of

redundancy and , for the TDF gyro , on the type of failure. This will

be examined in section 3.1.4.

b. The Cost in Dollars of Acquiring the Required Redundancy . Redundancy

‘osts money. However , thc. potential cost advantage over non—skewed

axes approaches is the primary motivation for the consideration of

skewed axes redundancy . The intent is to minimize the number of

sensors (and consequently associated electronics) to reach t. specified

level of reliability.

c. The Life—Cycle (Cost—of—Ownership) of the System. The acquisition

cost is only part of the cost—of—ownership of the system. The

system needs to be mechanized so that spares are not excessively

expensive. This means that complete system replacement , i f  a f a ilu r e

occurs , is uneconomie~ l. Therefore submodules , such as individual

gyros or accelerometers , should be carried as spares and replaced

48

—- — —- — ------ -- - .-----—- —-------— - -~~---—----- — — -
~
--— -- ------ - -- - ----

~~~
—

~
-----.— -

~ 
—— -——----—

~
———---

~~~~~~~~~
- - —-——— —---



- -~~~~-- - — ------~~~~ ~~~~~ -~~~~~- —-- -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

when necessary. It is generally not economical to have to carry as

a spare, for example, a two gyro module. The spare would be used

to replace a failed two gyro module , but invariably only one of the

gyros caused the failure. This results in the removal of one good

gyro , and also doubles the cost of the spare used to replace the
failed gyro. To make the most efficient use of logistics money, each
submodule should also be designed so that spares are interchangeable

between channels.

The ease with which submodules can be changed is also important in the

skewed axes redundant system. If it is difficult to replace the sub-

module, or if it takes a considerable amount of recalibration of the
system after replacement, then the acquisition cost advantage of

skewed axes redundancy will be negated.

d. Size and Weight. Size and weight have always been a problem for

inertial systems and redundancy requires more size and weight than

nonredundant systems , and the higher the order of redundancy the
larger and heavier the sybtem. The size and weight will be mainly

af fec ted  by the sensors used , i . e . ,  single or two—degrees—of—freedom,

and the sensor orientation.

e. Survivability. One of the reasons for using redundancy is to improve

survivability and increase the probability of mission success. How-

ever , the simplest solution to survivability is to disperse the

sensors and allied electronics in the aircraft. This increases the

cost and size of the system, because either difficult sensor align-

ment mechanizations are required or extra sensors added to eliminate

sensor—to—sensor alignment requirements. However, survivability is

very important where the MIRA is Flight Critical or Mission Critical.

f. The Affects of Redundancy on Performance. A skewed axes mechanization

can have adverse a f fec t s  on the potential accuracy of a system. One

affect could be the reduced sensitivity to motions about the aircraft

axes. Another is that in some mechanizations, all axes of the gyros
have gravity sensitive error terms. In systems mechanized to date,

only the heading axes had a gravity sensitive error term. The level

axes were immune from gravity sensitive errors, resulting in much

better accuracy , especially for flights of only a few hours duration.
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As gravity sensitive errors are the major errors in most of the

gyros so far produced , the affect of the redundancy mechanization on

performance is significant.

3.1 Two—degree—of—freedom fault isolation singularities. In a redundant

system consisting of three two—degree—of—freedom (TDF) gyros, there are

certain failure modes that cannot be isolated using conven tional parity

checks. The purpose of this section is to discuss, in general, the method by

which par i ty  equations are formulated and subsequently establish the unique

cond itions which result in fault isolation singularities in TDF gyros.

3.1.1 Parity equations. Failure status of the redundant system is

indicated by the results obtained from parity equations. Parity equations are

equations that are formed using the outputs of the various sensors in such a

way as to expose the measurement error of these sensors. As the error

detection scheme must be a continuous process, that is unaffected by the out-

side environment, the parity equations must expose measurement errors in the

presence of quantity being measured. This means that the parity equations

must be formed in such a way as to cancel out the quantity being measured.

The following simple examples illustra tes the use of parity equat ions in

the process of failure detection and isolation . Assume a quantity , V. is

measured simultaneously by three instruments A , B and C. The outputs of these

instruments are VA, VB and V~ respectively. Failure status of the system is

indicated by the t ruth  table (Table 33) formed using parity equations.

TABLE 33. TRUTH TABLE FOR FAILURE DETECTION

Parity Equations
Instrument Failed 

— —- VA
_V
B K

AC 
= V

A
_V
C I

~ C 
- V

B
_V

C

None 0 0 0

A 1 1 0

B 1 0 1
C 0 1 1
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The output of the parity equation other than zero represents a failure and

the inspection of the t r u t h  table reveals a unique sequence of “ones ” and

“zeros” representing specific instrument fa i lures .  Next , let us consider

three TOF gyros arranged with their spin axes and sensing axes mutua l l y

orthogonal. This is shown in Figure 4 where X , Y , Z is the reference

coord ina te set along which angular ra tes , w.~, WY and w~ , are assumed to exist.
The X—gyro with its spin axis along the X axis measures rates and

the Y—gyro with its spin axis along the Y axis measures rates w~
’
~ and w~

Y and

the Z—gyro with its spin axis along the Z axis measures rates and

Because at least two gyros measure the same angular rate we can write the

three parity equations by inspection as follows:

(1)

KXZ = ~~~~~~~~ (2)

(3)

Table 33 is formed using equations (1), (2) and (3). It is noted that if

both axes of any gyro fail, this failure can be detected and isolated. It is

observed also that if only one axis fails, such a failure can be detected , but

cannot be isolated. This is illustrated by the following example. Assume

the output is in error. When this output is processed by the parity

equation the sequence is 1—0—0. It is noted that the same sequence would

result if the output were in error.

3.1.2 Concept of a measurement plane of a TDF gyro. A TDF rate gyro is

sensitive only to angular input rates whose vectors lie in the plane that is

perpendicular to the spin axis of the gyro. This plane is referred to as the

measurement plane of the gyro and is shown in Figure 5. Unit vector , S~, is

coincident with the spin axis of the gyro and the component of the total

angular rate vector in measurement plane is . w is the total angular rate

vector. The angular rate sensed by the ith gyro is

- - i~~~_ A
wj  — S~~ (w . Si

) (4)
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wh ile the gyro output is
A — A —

w . = (A) — S . (w . S .) + e . (5)
1 1 1 1

where is the ith gyro error vector . It is noted that the vector representing

the gyro output is in the measurement plane. Therefore , the error vector is in

the same plane .

3. 1.3 Methods  of f o r m u l a t i o n  of p a r i t y  equa t ions  fo r  a redundant  a r r ay  of

TDF gyros. There are basically two methods how parity equations are formed .

Method 1. In this method an individual gyro output is compared to the

predicted output for this gyro. The predicted outpu t for this gyro is based

on measurements of all the remaining nonfa iled gyros.

Method 2. In this method direct comparison is made between the angular

rates measured by any two gyros.

Method 2 is preferred over Method 1 due to simplicity and higher accuracy,

and it is based on the observation that if the applied angular rate vector is

orthogonal to the plane containing the spin axes of both gyros , then the sensed

angular ra tes by both gyros are equal . Therefore , parity equation involving the

two gyros is formulated along a line that is perpendicular to the spin axes of

both gyros. Further , it is observed that the line that is perpendicular to the

spin axes of both gyros is also the line of intersection of measurement planes

of the two gyros. The line of intersection of measurement plane of the two gyros

will be denoted as the line of parity equation and mathmetically defined as

A A A
P.. = S . x S . (6)

1J 1 3

The parity equations for the 1 and j gyros is

— A 
— A

K . w . P .. —
~~~~~~ 

. p (7)
1J 1 13 3 13

Substituting from (5) and recognizing that

= w —  S . (~ S .) + e , (8)
3 3 3 3
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hence
r A — A A — A ~~ A

K .. = I — S . (w .  S.) + S. (CA) S.) + e . — e. I - (9)
L 1 1 J 3 1 3J 13

A A A
As the unit vec tors S1 and S . are orthogonal to the unit vector P.., there—

A A A A 
13

fore , S1 
. P... = S . . P... = 0 and the parity equation (9) becomes

— — A
K . .  = (e. — e ) P.. . (10)

13 1 3 13

In a fail/op—fail/op system four gyros are used resulting in six parity

equat ions as follows .

— — A
1(12 = (e

1 
— e

2
) 

~ l2
K13 = — e

3
)

K~4 
= 

~~~~~ 
— e )  . p 

(11)
K23 = 

~~2 
— e

3
) 

~ 23
K24 = 

~~2 
— e4) 

.

— — A
1(

34 = (e
3 

— e )  . p

3.1.4 Orthogonal fa i lure .  Orthogonal fa i lure  is defined as one that  is not

detec ted by the parity equation . As discussed in paragraph 3.1.1 , if the output

of the parity equation is equal to zero, then this equation indicates that the

axes, whose outputs are involved in this equation , did not fail. It is noted

from Equation (11) that any of the parity equations will yield zero value for

either — = 0, i.e., there is no error, or when the resultant error vec tor
— — 3 A

(e
i 

— e
j
) is orthogonal to the line of parity equation whose unit vector is 

~~~
Figure 6 describes the orthogonal failure vector.

For the purpose of isolation of the faulty gyro , we must have at least two

parity equations to indicate that a failure has occurred . This is because the

failure isolation scheme considered here depends upon a voting principle in-

volving at least three voters.

When the first failure occurs in a four gyro system, and if this failure

can be detected , then the faulty gyro can be isolated irrespective of whether

the failure was orthogonal or not. The reason for this is that there is a suf-

ficient number of parity equations to do so.
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When the second failure occurs in a four gyro system , only a non-orthogonal

failure can be isolated . Orthogonal failures can be detected but cannot be

isolated . Wi th the three gyro system we have only three parity equations , and

so that the failed gyro can be isolated , two of the equations must indicate

that the failure has occurred . When the failure is not orthogonal , this condi-

tion is satisfied. When the failure is orthogonal, this condition is not

satisfied because there is only one equation indicating that failure has occurred .

An orthogonal failure can occur for any skewed axes gyroscopic arrangement.

It  should also be remembered that  in any de tec t ion  mechanization , the de tec t ion

level will have to be set above the system noise level , so the vehicle may

t raverse  a fa i r ly  considerable ang le (or a ra te , if rate detection is used) where

the detection can be triggered and isolation occur . In a strapdown system , be-

cause of high bandwidth electronic requirements , the gyro noise level (which

has low frequency components) is in the order of 10°/hr. The electronic

noise level, which for a digital torquing loop occurs at the limit cycle rate

(generally 1K to 2K Hz), is in the order of 1° to 2°/second. The sensitivity

of de tec tion is also considerably a f f ec ted , if an input rate is close to the
sp in axis of any gyro . However , the more serious problem is the f a i l u r e  of

an axis or a gyro that cannot be detected because the apparent ra te  produced

by a failure is orthogonal to a parity equation line. The orientation of the

gyros determines the probability of this occurring and this will be considered

in sections 3.2 and 3.3 where gyro orientations are examined.

3.1.5 Failure tables. Using Equation (11), a failure table (Table 34) for

four  TDF gyros was constructed . It is noted that both orthogonal and non—

orthogonal fai lures were considered and inspection of this table shows that

both orthogonal and nonorthogonal failures can be detected and isolated.

Let us assume that one gyro failed and the system now uses three good

gyros; 1/1, #2 and #3. We can construct Table 35 for three gyros and note that

only nonorthogonal failures can now be isolated. Nonorthogonal failures are

represented by two “ones” and one “zero”, while the orthogonal failures are

represented by only one “one”. The system knows what type of failure has

occurred , but it cannot isolate the failed gyro when an orthogonal failure has

occurred. This situation gives rise to the TDF fault isolation singularity.

57 

-- - , -- S - - ~~~~~ .- - - -~~~~~~~~~~ .--—— -~~~~~~~~-.--—



-- 
--

TABLE 34. FAILURE TABLE FOR FOUR TDF GYROS

Parity Equation

Failure
K12 K13 K~4 ~23 1(24 K34

— 
Nonorthogonal 1 1 1 0 0

o Orthogonal to gyro 2 0 1 1 0 0 0

~ Orthogonal to gyro 3 1 0 1 0 0 0

Orthogonal to gyro 4 1 1 0 0 0 0

Nonor thogona l  1 0 0 1 1 0

Orthogonal to gy ro  1 0 0 0 1 1 0

~ Orthogonal  to gyro 3 1 0 0 0 1 0

Orthogonal to gyro 4 1 0 0 1 0 0
Two or

Nonorthogonal 0 1 0 1 0 1 more
ones

Orthogonal to gyro 1 0 0 0 1 0 1
0 indicate

~ Orthogonal  to gyro 2 0 1 0 0 0 1 isolated
failures

Orthogonal to gyro 4 0 1 0 1 0 0

Nonorthogonal  0 0 1 0 1 1

Orthogonal to gyro 1 0 0 0 0 1 1

~~. Orthogonal to gyro 2 0 0 1 0 0 1

Orthogonal to gyro 3 0 0 1 0 1 0

Non Failed 0 0 0 0 0 0

The above table provides fail—op operation with 100 percent prob-

ability because all failures can be detected and isolated.

58

—— -- -- . ——~~~~~~ -~~~~ —. - . -. —S--~~~ ~~~~~~~~~ ~~~~~~~ --~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~ -~~-—— -~~~~~~~~



TABLE 35. FAILURE TABLE FOR THRE E TPF GYROS

Parity Equation

Fai lure  K K K12 13 23

Nonorthogonal 1 1 0

Or thogonal to gyro 2 0 1 0
—0
Orthogonal to gyro 3 1 0 0

Nonorthogonal 1 0 1 ‘~~o or
more

o Orthogonal to gyro 1 0 0 1

indicate
Orthogonal to gyro 3 1 0 0 isolated

failures
Nonorthogonal 0 1 1

Orthogonal to gyro 1 0 0 1

0
Orthogonal to gyro 2 0 1 0

None Failed 0 0 0

Orthogonal  fai lures cannot be isolated

The above table provides for fail—op operation for 90.3 percent of

all failures where the gyro orientation is such that single axis failures are

orthogonal . F ail—safe operation is provided for 100 percent of all

failures as all failures , including orthogonal , can be detected .
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3.2 Architecture for four redundant TDF gyros. This section briefl y

surveys the most likel y instrument geometries for a four TDF gyro redundant

system and points out some advantages and disadvantages of the proposed

c o n f i gurat ions.  It is recognized that  in order t ha t  the system r e l i a b i l i t y

c r i t e r i a  be met , none of the sp in axes of the  gyros must  be coincident. Once

ti is condition is accomplished , the requirements for system reliability are

achieved , but then a question arises as to what is the optimum architecture

of the gyro such that the system will also have maximum accuracy and will be

characterized by ease of packag ing and compt~tations. First , let us consider

the architecture proposed by Teledyne and described in Reference III. Figure

7 shows this architecture when the three gyro spin axes H1, H2 
and 11

3 
are

mutually orthogonal , with the fourth gyro spin axis, H4, bisecting th~
orthogonal set. The major disadvantage of this configuration is difficulty

of packaging and inability to separate the system into two identical self

contained subsystems.

B
’

Figure 7. Four Gyro Arrangement with Three Gyros
Mutua l l y Orthogonal

“Investigation of App l ica t ions  of Two—Degrees—of—Freedom Dry—Tuned Gyro-
scopes to Strapdown Navi gation Systems”, Final Report , NASA CR—132419,
April 1974 Teledyne Systems Company , Nor thr id ge , CA.
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Fi gure 8 shows the architecture proposed by Litton, and described in

Reference IV. In this configuration , the four gyro spir. axes are normal

to the surfaces of a regular tetrahedron . This architecture is characterized

by two major advantages , i.e., ease of packag ing, and ability to separate the

system into two identical self contained subsystems.

V
1

11
4 

11
2

Figure 8. Four Gyro Tetrahedron Arrangement

Each subsystem generates enough information to formulate an attitude matrix

independently,  so navigation can be performed without requiring precise align-

ment between sensors on d i f fe rent halves of the tetrahedron. However , if both

axes of a gyro fail on one half of the tetrahedron, attitude information is now

required from the other half to keep the f i rs t  half operating , if f a i l — o p / f a i l —

op operation is to be accomplished . Now , very precise alignment or knowled ge

of the misalignment for software compensa tion, (e.g., 10 to 20 arcseconds) is

required between the gyro axes on different halves of the tetrahedron if ac-

curate navigation is required . There does not appear to be any practical way

to achieve this in an operat ional  app l icat ion.  Such accurate alignment is not

necessary for f l ight control.

IV 
“Preliminary Design of a Redundant Strapped Down Inertial Navigation Unit
using Two—Degree—of—Freedom Tuned Gimbal Gyroscopes” . Final Report , NASA
CR—145305 , October 1976 , Litton Guidance and Control Systems, Woodland
Hills , CA.
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All the other fou r  TDF and six SDF gyro configurations suffer from the
same problem if the gyros are not mounted on a common base.

Both Li t ton and Teledyne system configurations suffer from the disadvantage

of accuracy reduction due to the coupling of the g—sensitive gyro error

terms into  the horizontal  p lane. When considering the use of dynamically

tuned gyros , these effects must be considered as the g—sensitive error terms

in this type of gyro , as designed for st rapdown app lica t ions , is typically

larger than that due to the non—g—sensitive errors.

Figure 9 shows an alternate skewed gyro archi tec ture which has red uced
sensitivity to gyro g—sensitive error terms. In this arrangement the spin

axes of the three gyros lie in the pitch—roll plane and are separated by 120
0

from one another. The spin axis of the fourth gyro is along the yaw axis.

For reference purposes a simplified mathematical model of a TDF Dynamically

Tuned gyro is presented by Equations (12) and (13) in terms of torque to

balance.

M = ~~H — M a  — Q a  — A a a  + B  (12)fx  y y x y z  x

M = -~~H +M a  -Qa + A a a  +B (13)fy x x y x z  y
Where

M
f 

= Torque to balance moment

4’ Input angular rate about gyro axes

a Linear acceleration along gyro axes

N = Spin axis mass unbalance—direct component

Q = Quadrature mass unbalance

A = Anisoelastic coefficient

B = Non—g—sensitive bias
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Figure 9. Skewed Arrangement of Four Gyros

The typ ical magni tudes  of the g—sen s it ive  error c o e f f i c i e n t s  fo r  the

dynamically tuned gyros , designed for  strap down app lica tions , are br ief ly

discussed in the following paragraphs. The g—sensitive bias (direct

component) day—to—day instability ranges from 0.01°/Hr/g to 1.0°/Br/g with a

temperature sensitivity of this term ranging from O.0O5°/Hr/g /°F to
O.05°/ H r / g / °F. The g—sensitive bias (quadrature component) has an excellent

short term and long term stability with negligibly small temperature
sent itivity.

For comparison purposes , the non—g—sensitive bias day—to—day instability

ranges from 0.005°/Hr to 0.1°/Hr , with a temperature sensitivity in the range
0 0 0 0 . .of 0.003 /Hr/ F to 0.01 /Hr/ F. The anisoelastic coefficient has an excellent

short t~ rm and long term stability, wi th neg ligibly small temperature
sensitivity. The comp le te error model of a d ynami cally tuned gyro is

presented in Appendix A.

The most important aspect of the confi gurations showti is the orientation of

the torq uer axes to the moun ting base. The deciding factor for torquer axes

orientation is the probability of failure of bc~th axes , versus the probability
of failure of a single axes. As the probability is considerably higher for
both axes to fail (76 failures per million hours for two axes and 8 failures

per million hours for one axis) the torquer axes should be orientated orthogon-

all y to the parity equation line. This is shown in Figure 10 for the tetra—

hedron confi guration. One of the axes cannot be exactly orthogonal as can be
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Figure 10. P re fe r r ed  Or ien ta t ion  of Tor quer Axes
T
x 

and Ty are the X and Y to rquer  axes
and 11 is the sp in axis

seen from the figure , but the arrangement shown is the closest possible to

making all torquer axes orthogonal to the parity equation line.

Although onl y six accelerometers are essential, if corr ectly orientated ,
for  f a i l—op/ f a i l—op  reliabil i ty,  the mechanical configurations shown do not

lend themselves readily to a six accelerometer package. The six accelerometers

would ideally be moun ted on a dodecahedron , but this would require a separate

mounting structure for gyros and accelerometers . Axes alignment between the

gyros and accelerometers needs to be accurate for navigation purposes , ~and

would be cos tly to accomplish on separate structures. Also the size and

weight of the total system would be greatly increased . If the alignment

equations are carried as sof tware coeff ic ients instead of being mechanically
established , then the whole system has to be recalibrated each time an

instrument is replaced. This causes the whole system to become a Line

Rep laceable Item (LRU), greatly increasing the Life Cycle Cost because of the

inherent cost of the spares.

Therefore, it is recommended that two axes of acceleration measurement ,

i.e., either two single—axes or one two—axes accelerometer , be utilized on

each mounting surface with each gyro. The accelerometer sensitive axes are

mounted parallel to each torquer axes of the gyro.
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The extra  two axes of acceleration measurement over that essential for fail-

op/fail—op will not increase acquisition cost when compared to precise

alignments between two mounting structures , and will obviously save consider-

ably on size and weight. The acquisition cost is also justified when compared

to the al ternative of having a complete system as an LRU.

The associated electronics for both gyros and accelerometers would be

packaged with their respective instruments. This would allow a modular

approach to all instruments  and would allow complete in terchangeabi l i ty  of

instrument types. This assumes the unique coefficients for each instrument ,

e.g., biases , are carried in the electronics. This modular approach would be

desirable for all types of instruments , includ ing single—degree—of—freedom

gyros, lasers , multisensors etc., that will be discussed later.

Power supp lies are generally not considered as electronics associated with
any one instrument and are not , in fact , unique to any instrument. They

therefore can be shared and be made common to more than one instrument . How—

ever , to meet the criteria of fail—op/fail—op , i.e., no single failure can

cause a complete system to fail, then three power supp lies in parallel are

always necessary . To detect and isolate failures Built—In—Test (BIT) is

required . However , if such a shared mechan iza tion is used , a shor t in any

instrument (including any cabling), must be disconnected at the output of the

power supply. This would not be difficult if a current sense is used as the

BIT at each output port , and if each instrument has a separate output port

from each supp ly. Voltage levels from the supply would also need to be

monitored , although with the power supplies in parallel , a diode gate at each
instrument could also be used. To be sure that operation can continue after

two fa ilures , each supply has to be able to generate enough power to carry the

entire system by itself.

The power supply fai lure rates , computed in Section II , suggest that such a

mechanization of three parallel supplies would allow the system to meet a

mission reliability of .99999.
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Anothe r  a t t r a c t i v e  a l t e r n a t i v e  is to have a power supp ly fo r  each gyro , and

share wi th  the all ied (para l le l )  two axes of acce le ra t ion .  This e l imina tes

reliance on BIT t e s t s , and reduces the  power requ i rements  fo r  each supp ly .

However , it means that if the supply fa i l s , then both axes of gyro and

accelerometer  also f a i l .  This means that the f a i l u r e  rates for  both the gyros

and accelerometers and their associated electronics must have the power supp ly

failure rate added. This increases the gyro failure rate by approximatel y

30 percent and the accelerometer by approximately 40 percent . However , in a

fail—op/fail—op mechanization , this has little affect on the reliability. As

an illustration , the probability of failure for three power supplies in paral-

lel , f our TDF gyros and four TDF accelerometers can be written

P 3 (F t) 2 — 3 (F t) 3 
— 9 (F t) 4 + 4 (F~;t)

3 
— 9 (F~;t)

4

3 4+ 4 (F~ t )  — 9 (F~ t)

Where

F~ = Failure rate for a power supply

F
G 

= Failure rate for a gyro and its electronics

FA 
= Failure rate for an accelerometer and its electronics

t = Operational (mission) time

The above is the system failure rate to the first order , and to simplify

things , it has been assumed that both axes of gyro and accelerometer fail. We

shall also assume that the power .upp lies for  bo th cases hav e equal fa ilure

rates.

The equation is written for up to and including two power supplies and two

instrument failures of either type. Using the same assumptions, the equation

for the base of a power supply shared between a TDF gyro and TDF accelerometer

is
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P ~ 4 (Fat + F~t)
3 

— 9 (Fat + F~ t ) 4 + 4 (F
At + F~ t ) 3

— 9  (Fit +F~t)
4

~ 2 [4 (F~ t) 3 
— 9 (Fpt)~] 

+ 4 (F~ t ) 3 
— 9

+ 4 (F
~A

t ) 3 
— 9 (F~t)~

In other words , the latter case has reduced the sensitivity of the s;stem
to power supply failures.

There will be some impact on cost, size and weight however. Power supplies

costs and size and weight tend to vary directly in proportion to their wattage
capability. The power capability of each - f those in parallel will be

equivalent to all four of the individual supplies. Therefore , we can safely
assume that the three in parallel configuration will be considerably larger

and cost more. Our estimate is that there will be a decrease in cost, size

and weight — in favor of the four supply configurations. The individual four

supply configurations also eliminates any dependency on BIT, which was an
original ground rule, and increases the options that can be exercised in
designing for modularity. The decrease in size and weight for the four
supply configuration will be by the same ratio as the power capability
requirement, i.e., 4 to 12 or 66 percent.

A block diagram of the four gyro configuration is shown in Figure 11.

As all the instruments are mounted on one common base , the survivability of

this system is low. One solution is possibly to armor plate the instruments
and cables. However , this would add at least 20 percen t to the weight ,
assuming only the instruments and cables and not the complete package was
protected . A more viable solution may be to disperse the sensors throughout

the a i rcraf t , and such a mechanization is outlined in the next section.
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3.3 Archi tecture  for  six redundant TDF gyros. If the sensors are to be

dispersed throughout the aircraft for maximum survivabi l ity ,  it appears that

a mechan iza tion using only four gyros is not prac t ica l .  The problem would

be mainly in establishing alignment of the sensor axes to each other , as
explained earlier. The most convenient mechanization would appear to be six

2 axes gyros orientated to give three identical Inertial Reference Assemblies

(see Figure 12). Each IRA would have one gyro with its sp in axis vertical

and the other gyro would have its spin axis hor izontal  and or thogonal to the
first . This approach results in three Inertial  Reference Assemblies that are

stand—alone s t rapdown navigation systems. There are now six gyros in the

system , giving twelve axes of rate sensing . Now four of these axes can be

coinci--lent for each of the pitch, roll and yaw sensing of vehicle motion and

still give a fail.-op , fail—op system with voting capability. If the three

Inertial Reference Assemblies are identical , then mounting provisions must be

made so that one of the assemblies can be mounted with a 900 
rotation about

vertical to the other , which Is no problem. However, the third assembly must
be rotated 900 about a horizontal  axes from the second , which means mounting

surfaces must be provided on orthogonal sides of the box that houses the
instruments. This would not be particularly d if f i cult , however , as the

mounting alignments do not have to be precise. This is because a complete
three axes a t t i tude  matrix can be formulated by any one IRA. Now, failure
detection can be performed in a common reference frame between IRA’s and

navigation accuracy is unaffected by the separation of IRA ’s even after a

complete (both axes) failure.  However , to introduce all four gyro axes of

any IRA into the failure detection matrix, the attitude needs to be computed

twice. The second time , the “redunda nt” axis of the IRA is utilized. For

example , in Figure 12 T~~
1 
is used first and then T~

2 in IRA No. 1, etc. Now,

if any two comp lete gyros or if any two single axes fail , in any combination

in any of the IRA ’s, the sys tem is still fu l l y operational. As soon as a

comp lete gyro has failed , that particular IRA is inoperative for navigation

purposes. Depending on which axes fail , the system can still operate fully

with up to four single—axis failures; and up to three complete gyro failures,

again depending on which gyros fail. The system can always detect and isolate

two failures of any kind making it a fail—op/fail—op system.
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H
1 through 116 are gyro 8pm axes and T

~ 
and T~ are the associated

torquer axes.

Figure 12. Six TDF Gyro Configuration

70

-5---- —5--—-- -5- -- —.-.- 5 - - - —  -—-5- -——- --- 5- - . 
~
. . .,5- - 



5 ,  - S ~~~~~~~~~- —- 5-
- ~~~~S•-5S5- -,--- 5-~~~~~~~~~~ --. . - -~~~~~~~~~~~

Two 3 gyr o IRA ’s could be utilized with 3 sp in axes orthogonal to each

other , if one was rotated by 90
0 

about two of its axes. However , survivability

would be betti- r for three 2 gyro IRA ’s. Both approaches shown above elim-

inate the isolation singularities for the 4 gyro mechanizat ions , and provide

good failure det ect ion sensitivity. The cost is of course greater than for

any of the tour gyro confi gurations. The increase in cost for six gyro

c o n f i g u r a t i o n  w i l l  be approximatel y a 20 percent increase over t h e  f o u r

gyro confi guration for the complete MIRA fail—op/fail—op system . It should

also be n o te d  that the mass unbalance term onl y affects the azimuth axis in

IRA No. ’s 1 and 2, so the accuracy obtained from level axes is not contaminated

by skewing of axes.

If the accelerometer axes are skewed with reference to each other , then

the same problem of alignment between the IRA ’s exists. Therefore , it is best

to ali gn the accelerometer input axes parallel to the gyro torquer axes.

This will result in six 2—axes accelerometers or twelve sin~ 1e—axes

accelerometers.

Although this mechanization requires six TDF gyros and six TDF (or twel’~e

SDF) a ccelerometers , it has no orthogonal failures for fail—op/fail—op

operation and it has sensors dispersed throughout the aircraft for maximum

survivability.

It would be appropriate in this mechanization to use only three power sup-

plies as each supply would only have to service one IRA . It would not have

to be designed to carry any excess load if one of the supplies in the other

two IRA ’s failed.

The six TDF gyro and six TDF accelerometer mechanizations outlined above

would increase the acquisition cost of the system by approximatel y 40 percent

over the four TDF gyro and four TDF accelerometer confi guration outlined in

the previous section. The estimated total wei ght of the three IRA ’s wou ld be

approximatel y 45 pounds.
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One problem with dispersed sensors is that the vehicle bod y bending motions

and lever arm affects can add to the noise on the outputs of the sensors ,

especially the gyros, relative to each other. This can affect the stabiliza-

tion of the vehicle if the IRA ’s are used for this purpose.  A very signifi-

cant problem is the affect of body bending mo tions on the t ime to detect  and

isola te fa i l ures , although failure detection sensitivity is not affected over

a longer period as filtering occurs. As the IRA s will be comparing outputs

for failure detection , the added noise on the output will slow the failure

det ection response time. Navigation performance will be unaffected .

3. 4 Single—d egree—of—freedom gyro orientation. Five single—d egree—of—

freedom gyros — either rotating wheel or lasers — can be mounted to perform

fail—operational performance by software parity equation comparison.

However , such an array cannot isolate a second failure. The second failure

can be detected , but cannot be isolated because of the lack of parity equations.

Six single—deg ree—of—freedom gyros are therefore the minimum number that

can be utilized to provide fail—operational/fail—operational performance. In

princ ipal , various six gyro skewed configurations possess the required level

of redundancy . The most advantageous configuration , however , is the

dodecahedron array beca use of its symmetry , whereby the six measurement

axes are spherically distributed with equal angles between them.

The input axes are or ienta ted to be normal to the faces  of the dodecahedron ,

wi th an ang le of 63.4 degrees between any axes (see Reference  V ) .

This configuration gives equal sensit ivity to all axes for failure detection

and isolation and the greatest likelihood of operational accuracy compared

to any other mechanization .

V 
“A Red undan t Strapdown Inertial Reference Unit (SIRU)” , J er ald P . Gilmore
and Richard A. McKern ; Journal of Spacecraf t and Rockets , Vol. 9, No . 1,
January 1972.
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This system could operate  wi th  onl y three  gyros o p e r a t i o n a l .  However , a

maximum of two of the six can be isolated by gyro output comparisons.

One convenience of this mechanization is that the minimum number of

accelerometers i.e., six, can be conveniently packaged on the same mounting

surface as the gyros. The most convenient location for the associated

electronics would also be on the same surface. In this way , a separate

module could be designed for both the gyro and accelerometer , each with their

own electronics.

The same tradeoff for the power supply configuration can be made as shown

for the TDF gyros. It is trie that now six individual power supplies will

be necessary , but the same general effect on reliability, size/weight and

cost still hold. This makes the individual supply servicing a gyro and

accelerometer attractive.

The dodecahedron approach using single—degree—of—freedom gyros will be

fair ly large. The size will be somewhat larger for laser gyros due to their

inherently larger size and the complexity of mounting requirements needed

to eliminate case stresses, especially for fast reacting and unheated systems.

For the six single—degree—of—freedom floated gyro array, with six accelerom-

eters and all required electronics , the siz e is estimated to be 1900 cubic
inches and the weight approximately 65 pounds. For the laser array , the size

is expected to be 2330 cubic inche’~ and the weight 80 pounds.

A major deficiency of the dodecahedron array is that the complete system is

packaged together , therefore being vulnerable to comp lete fa i lure ~f the air-

craf t suffers damage during an operation. If the sensors are separated , the

same problem of sensor alignment occurs as explained earlier for two—degree—

of—f reedom gyros. If the sensors ace distributed , twelve single—degree—of—

freedom gyros and tw lve single—degree—of—freedom accelerotn-’ters will be

re- kuired to obtain fail—op/fail—op r~ liabflity. This will of course increase

the acquisition cost , size and weight considerably . The other alternative is

to armor plate the system and connecting cables. If 1/4 inch armor plating
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is used to protect  the instrument modules the system will weigh approximatel y

20 po unds more for  the system using ei ther  s ing le—de gree—of—freedom or laser

gyros.

The increased cost , size and weight for  the dispersed single axis sensor

conf iguration , i.e., twelve gyros and twelve accelerome ters , makes this
approach non—competitive . Therefore , it has not been considered a v iabl e
candidate.

3.5 Multisensor. The multisensor considered in this document consists of

two axes of rate measurement with two axes of acceleration all encased in the

same housing with the rate measurement and acceleration measurement axes in

parallel. Therefore, the multisensor can be considered as a TDF gyro and

TDF accelerometer from a redundancy viewpoint , so all the anal ys is for  the
four ‘lDF gyro configurations is valid for the multisensor.

As with the TDF gyro , the optimum conf iguration would appear to consist of
four multisensors mounted on the faces of a tetrahedron . The only difference

from the TDF gyro case would be that the Line Replaceable Unit would consist

of a module that contained both axes of rate and acceleration measurement ,

rather than a separate module for rate and acceleration . This vil] increase

the sensor spares costs by a factor of 2.

3.6 Synopsis of preferred configurations. It was concluded that th.. most

practical configurations are the tetrahedron , dodecahedron and three identical

Inertial Reference Assemblies.

The tetrahedron can only be mechanized using two—degree—of—freedom gyros

and accelerometers, or multisensors . The dodecahedron can best be configured

with single—degree—of—freedom instruments , although two—degree—of—freedom

instruments  could be used. The tetrahedron configurat ion requires four  TDF

gyros and four TDF accelerometers, or four multisensors. The dodecahedron

requires six gyros and six accelerometers of whatever type.
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As the tetrahedron requires the least number of instruments , it would be

the smallest. Also , it will have the lowest acquisition cost. This is because

for equivalent performance , the cost of two axes instruments has historically

been the same as that for single axis instruments. Therefore, the four

gyro/four accelerometer combination is lower In cost than a six gyro/six

accelerometer approach.

The tetrahedron configuration suffers from an inability to isolate a

second fa ilure , if it is an orthogonal failure. This is true of any mechan-

ization using four TDF sensors. By orientating the sensing axes as shown in

Figure 10, single axes failures will be orthogonal to the parity equation
line. The failure rate for a single axis for the TDF gyro and its electronics

has been estimated to be eight per million hours. However , this would be a

second failure. The worst case probability of an undetectable single axis

failure would be a complete gyro failure followed by a single axis failure.

For a 10 hour mission the probability of failure for this dual occurrence

would be 6 x 10 9
/Hr, using the failure rates from Section II, resulting in a

mission probability of success (Mission Reliability) in excess of .99999.

This certainly would seem to make the tetrahedron a useable configuration .

One problem that plagues both the tetrahedron and dodecahedron is the

impracticality of dispersing the instruments within the aircraft for surviv-

ability. To eliminate this problem , a six TDF gyro/six TDF accelerometer

system was configured as shown in Section 3.3. This configuration allows

dispersed sen sors, can detect and isolate any two failures (i.e., fail—op/fail—

op), and has no mass unbalance coupling into the level axes.
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SECTION IV

DIRECTIONAL PROBABILITY OF FAILURE IN A TDF TUNED-GIMBAL GYRO

— Let us start the discussion of directional probability of fa i lure  in a

TDF gyro with a simple case of two single—degree—of—freedom (SDF) gyros.

Thus, let us assume that a SDF gyro can only fail to operate satisfactorily

along one axis in space, where it is tacitly assumed that the gyro/s in

question are stationary relative to the reference space. When we consider two

entirely independent1) and iden tical SDF gyros , each having a probability of
failure equal to P, then the probability that either one or the other gyro

falls is equal to 2P(1—P), and the probability that both of these gyros fail

simultaneously is equal to P2 as this condition is characterized by the

criterion of independent events. Let us consider that the SDF gyros are

mounted orthogonally to each other with their sensing axes along the X and Y
axes as shown in Figure 13.

•1

A

/ P2

B T  ~~~~~~~~~~~~~~

~~ 2P ~~~

C

Figure 13. Directional Probability of Failure in Two Independent
Single—Degree—of--Freedom Gyros Mounted Orthogonally to

Each Other

1) 
Independent, here , means that each gyro is self contained and does no t
share any components with any other gyro. For example, each gyro is assumed
to have its own voltage and power supplies and its mountin g s t ructure  is
independent of the mounting structure of any other gyro.
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Since the gyro errors can be either positive or negative , and the

probability of occurrence of such errors is equal , therefore we can plot four

points denoted A , B , C and D along X and Y axes such that AO = BO = CO = DO
equal to the probability of failure of either one or the other axis. It is

assumed that P<< 1. When both gyros fail simultaneously, the error vector

that characterizes this failure has an equal probability of occurrence at any

ang le , and relative to any axis. Thus , the probability of failure in the

quadrants can be represented by a circle whose radius is equal to P2. It

is, of course , noted that the magnitud e of the resultant error vector may

assume any value. Since P<< 1 then 2P >> P2 by several orders of magnitude.

In Figure 13 the finite width , w, is onl y used for illustrative purposes

because in actuality w = 0.

Next , let us consider the same two SDF gyros , but , let us assume that they

share between them one power supply. Let us assume that the probability of

failure of the power supp ly is equal to Pr,, and let us further assume that if

the power supp ly fails , then both gyros will cease to function properly. The

probability of failure of both axes , P2, can be obtained with the help of

Table 36

TABLE 36 . TRUTH TABLE FOR POWER SUPPLY AND GYRO FAILURES

Power Supply Gyro No. 1 Gyro No. 2 Probability

Fails Not Fails Not Fails P~, (1—P) (1—F)

Fails Not Fails Fails P~ (1—P) P

Fails Fails Not Fails P~P (1—P)

Fails Fails Fails P P
2

_____________________ ____________________ ____________________ 

p

Not Fails Fails Fails (1—P
r
) ~,

2
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P 2 
= P~ (1-P)

2 + 2P~ P (1-P) + P~ P2 + ( 1_P
r

) P2 (14)

Assuming

P << 1

and

< < 1

Then equation (1) becomes

P 2 = + 2P~ P + P~,p
2 

÷ P2

= P~, ( 1 + 2 P -4- P2 ) -I- P
2

S

~~~

. p~~~ - p 2 
(15)

Equation (15) states the probability of failure of both axes. The

probability of failure of either one or the other axis P1, is obtained with the
help of Table 37.

TABLE 37. TRUTH TABLE FOR THE PROBABILITY OF A SINGLE AXIS FAILURE

Power Supply Gyro No. 1 Gyro No. 2 Probability

Not Failed Not Failed Failed ~1—P~ )(1—P)P

Not Failed Failed Not Failed (1—P ~ )(1—P)P

P = 2 (1_P
r
) (l—P~ )P
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Assuming again P~ << 1

P
1 

= 2P (16)

Equation (16) represents the probability of failure of a single axis. For

the cases considered above , the probabi l i ty  of s imul taneous  f a i l u r e  of b oth

gyros may be smaller or greater than the probability of failure of a single

axis. This, of course depends on the relative magnitudes of PP 
and P.

If the probability of failure of the power supply is larger than that of t h e

gyro, then

P 2

and

P
1 ~ 2P (where P << 1)

and there fore , probability of failure of both gyros is larger than the

probability of failure of either one or the other gyro. If one assumes that

a failure of the power supply would affect the performance of both gyros

equally then the maximum probability of failure would occur at 45°, 135°,

225° and 315° relative to the X axis. Under this condition the directional

probab ility of fa i lure would assume a general f orm shown in Figure 14 . The

exa ct shape of the direc tional probability of failure could be obtained

from the analysis of modes of failure.

Now , let us consider a two—degree—of—freedom gyro. Figure 15 shows the

functional block diagram of a TDF gyro and its associated electronics and

supplies. Both axes are supplied by a common power supply. Und~ r these con-

ditions the TDF gyro directional probability of failure would also assume the

shape of Figure 14.

Prior to the more de tailed discussion of direc tional probabil ity of fa i lure

in a TDF gyro , let us briefly review the functions of the various subassemblies

of the gyro and its associated electronics.
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Figure 14. Hypothetical Directional Probability of Failure of
Two SDF Gyros

4.1 Functions of TDF gyro subassemblies

Plekoff and Torquer Assemblies

The function of the pickoffs and torquers is to control the attitude of the

rotor relative to the gyro housing. When an input rate is applied to the gyro

case , the case fixed pickoffs sense the change of rotor attitude relative to

the case and cause the caging loop to provide current to the torquers in such

a sense as to reduce this change to zero. In an ideal strapdown gyro the

torquer maintains the spin axis of the rotor aligned with the shaft spin axis

and thus the rotor has the same angular velocities as the gyro case about the

input axes.
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In order to satisfy this condition , the torq uers must provide moments in

accorda nce wi th the rela tion N = w x H , where w is the input angular rate , H

is the angular momentum of the rotor , and N is the vector moment exerted by

the torquers on the rotor . The torquers are designed such tha t the curren t

through their coils are direc tly proportional to the moment outputs and thus
the torquer current is a direct measure of the input rate to the gyro.

Rotor and Suspension System Assembly

The rotor and suspension system are common to both axes of the gyro. The

function of the rotor is to provide the angular momentum and at the same time

it provides the flux for the torquer. The function of the suspension system

is to prov ide translational suppor t for the rotor and torsionally decouple

the rotor from the gyro case.

Bearings and Shaft Assembly

Bearings provide rotational support for the gyro shaft. The gyro shaft

carries the rotor at one end and at the other end a hysteresis ring is attached
to the shaft. The bearing cartridge and shaf t assembly are common to both
axes of the gyro.

Housing and Motor Stator Assembly

Gyro housing supports the bearing cartridge and motor stator. Housing and

motor stator are common to both axes of the gyro.

4.2 Outline of a method of establishing of probability of single axis
failure and probability of two axis failure in a TDF tuned—g imbal gyro. The

groundwork for this method was laid by the example involving two single—degree—

of—freedom gyros and their common power supply. Each SDF gyro may be thought

of as analogous to the components within and outside of the TDF gyro and fail-

ure of these components will only affect one output of the TDF gyro. The

power supply may be thought of an analogous to the components within and

outside of the TDF gyro , and failure of these components will affect both
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outputs of the TDF gyro. Figure 16 shows the reliability block diagram for

the TDF tuned gimbal gyro and its associated electronics.

B X Axis Output
( Z P ~ )

Gyro A
Input ( P

r
)

Y Axis Output

Figure 16. Reliability Block Diagram for the Two—Degree—Of—Freedom
Tuned—Gimbal Gyro and its Associated Electronics

Using the indicated analogies we may write

P
1 

= 2 E P
5

and

E P ~~ + ( 1 F ) 2

Where P
1 
denotes probability of failure of a single axis in the tuned—gimbal

gyro and P2 denotes the probability of failure of two axes in the tuned—

gimbal gyro.

E represents the sum of probabilities of failures of subassemblies that

cause single axis failures.

Z P
t 
represents the sum of probabilities of failures of subassemblies that

cause two axis failures.
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The error terms out l ined in Table 38 are de f ined  in the Appendices to

this report.

TABLE 38. LiST OF ALL KNOWN ERRORS FOR THE TDF TUNED-GIMBAL GYRO
(LISTED ERRORS ARE DEFINED IN THE APPENDIX)

Originating Assembl y
Symbol No. Error Or Electronics

(See Table 39)

M , 1 Quadrature unbalance c
t gX’~ _______ ________________________________________ ___________________________

~~~~~ 
2 Spin axis mass unbalance c

M 3 I Anisoelastic c
taX? 

______ I ___________________________ __________ _____________________

~~~~~ 
4 iN translational c ,d

M 5 2N translational—direct c,d
tvdXY 

______ ____________________________________ _____________________

M 6 2N translational—quadrature c,d
tvgxY 

______ ____________________________________ ________________________

N - 7 Inertia term—crosscoup le-d f
r iXY 

_______ ________________________________________ ________________________

M 8 Fundamental term—crosscoup led f
rfXY 

______ _________________________________ ____ ____________

M 9 Anisoinertia term 
-

~~~~~~ fraXY 
_______ ______________________________________ _______________________

10 Motor dynamics term f,e

MrsXY 11 Spin axis accel. coupl ing term 
-

M
rt~ y 

12 Torquer axis misalignment a

M
dx? 

13 Rotor damping term

14 Direct spring rate term b ,f,d ,g

N
5q~~ 

15 Quadrature spring rate term b ,f,d ,e,g

M 16 2N angular—direct c,d ,fsvdXY 
_______ ______________________________________ __________________________

N 17 2N angu la r—quadra tu re  c , d , fsvq X’t 
______ ___________________________________

M bXy 
18 Bearing noise term

B ixy 19 Motor voltage term h ,e

B2xy 20 Motor f requency  term h

B3xy 
21 Pickoff voltage term h,b

B4XY 22 Pickoff frequency term h

Bsxy 
23 Internal magnetic term e,a

B6xy 24 External magnetic term

B7xy 
25 Internal pressure term e,a,b

B8xy 
26 Synchronous current term f

SFXY 27 Scale factor h,e,d ,a

B9XY 28 G—sensitive temperature term c

Bioxy 29 Non—g—sensitive temperature term a,b ,c,d ,f
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All the known errors in the tuned—gimbal gyros are listed in Table 38.

Gyro subassembly or electronics that are most likely to produce the error

are indicated against these errors. Table 39 lists the errors produced by

gyro subassemblies and associated electronics

TABLE 39 . ERRORS PRODUCED BY GYRO SUBASSEMBLIES AND
ASSOCIATED ELECTRONICS

Gyro Subassemblies and Error Produced
Associated Electronics (See Table 38)

a Torquer  coil assembly 12 ,23 , 25 , 29 , 27

b Pickoff coil assembly 14 ,15 ,21 ,25 ,29

c Rotor and suspension system 1 ,2,3,4,5,6,13,16 ,17 ,28 ,29

d Bearing assembly 4,5,6,14 ,15 ,16 ,17 ,18,27 ,29

e Gyro housing assembly 10 ,15 ,19 ,23 ,25 ,27 ,29

f Loop electronics 7,8,9,10 ,11 ,14 ,15 ,16 ,17 ,26 ,
29

g Pickoff preamplifier 14,15

h Voltage and power supplies 27

I Readout circuits

The method of establishing the probability of single axis and two axes

failures shown in this section was used in the analysis of section 2.1 (to

establish TDF gyro failure rates).

Tables 38 and 39 are included to indicate the relationship between failures

and gyro subassemblies. The error terms listed in Table 38 are caused by he

subassemblies listed in the last column. Reference the last column of Table 38

to the f i r s t  column of Table 39 , and the last column of Table 39 to the second
column of Table 38.
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SECTION V

CONCLUSIONS

1. The least amount of hardware possible to obtain fail—op/fail—op

redundancy is four two—degrees—of—freedom strap down gyros and four two—

degrees—of—freedom accelerometers.

2. Single axis accelerometers can be used with two—degree—of—freedom gyros ,

but eight are required with four gyros to make a practical packaging

arrangement. Therefore , two—degree—of—freedom accelerometers are much

more desirable.

3. The most convenient arrangement for four TDF gyros and four TDF acceler-

ometers is to mount them on the faces of a tetrahedron.

4. The orientation of the torquer axes for a TDF gyro and accelerometer

for maximum sensitivity of failure detection and isolation depends on

which has the highest probability of failure — one axis or both axes of

the instrument. As the analysis shows, a higher probability for both

axes to fail together , then the torquer axes should be orientated per-

pendicular to the parity equation line, as shown in Figure 10.

5. The least amount of hardware that can be mechanized for single—degree—

of—freedom instrum ents is six gyros and six accelerometers. The most

practical configuration is to mount a gyro and accelerometer on each

face of a dodecahedron , as shown in ref er ence V.

6. If it is required to disperse the sensors throughout the aircraft ,

because of survivability considerations , a six two—degree—of—freedom gyro

and six two—degree—of—freedom accelerometer configuration , as shown in

Figure 12 , has the least amount of hardware that can be practically

mechanized. The sensor axes alignment problem m~~-~~s any reduction in

hardware impractical for fail—op/fail—op redundancy .
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7. The mechanization using six two—degree—of—freedom gyros does not suffer

from any ambiguity of failure isolation caused by either single or two
axes failures.

8. If single axis instruments are used in a distributed configuration ,

then the sensor alignment problem will require that twelve gyros and

twelve accelerometers will be required for a practical packaging

arrangement that can maintain a fail—op/fail—op capability — assuming

failure detection is to be performed by comparison of the instrument

outputs.

9. A power supply should go with each channel of gyro/accelerometer com-
bination. This means a power supply with each axis of SDF gyro/acceler-

ometer and one with each TDF gyro/accelerometer combination . “Cross

strapping” power supplies does not reduce size, weight and cost , and it

relies in Built—in—Test for failure detection and isolation . Also,

electrical shorts in any part of the system can cause a problem for all

of the supplies at once , unless a complicated isolation mechanism is

implemented .

10. Fast heating of gyros has caused a large degradation in relability

because of stresses induced across their hermetic seals. Therefore,

unheated gyros will be more appropriate for systems where reliability

i’ critical and fast reaction required .

11. The reduction in the spin speed that has been implemented in strapdown

tuned rotor gyros will improve their reliability.

12. The coupling of mass unbalance terms into the level navigation axes will
tend to degrade the accuracy in a skewed axes array . The six TDF gyro—

accelerometer mechanization shown in Section 3.3 has no mass unbalance

coupling as the axes are not skewed .
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APPENDIX A

AN ANALYTICAL MODEL OF A DYNAMIC ALLY TUNED GYROSCOPE

ABSTRACT

Analytical model of a multigi mbal elasticall y supported tuned gyroscope

is derived and presented. The model is Btated in mathematical form and

simple block diagram form so that it can be readil y used for servo synthesis

and anal ysis , gyro error analysis, gyro test and calibr ation , compen sation

of gyro dynami c and stati c error s and basic gyro design . Examp les

illustrating use of the model are shown . Simplified derivation of equations

for error moment associated with the mult i gimbal tuned suspension system

is also presented.
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SYMBOLS

a Arij soelastj c coefficient

a ,a ,t Linear accelerations of gyro case resolved along the

case-fixed coordinate set

a’ ,a , a~ Linear accelerations of gyro roto r resolved along the

case-fixed coordinate set

A, B, C, Principal moments of inertia of gyro rotor

A , B , C Principal moments of inertia of the nth gimbal aboutn n n

girnbal x , y , z axes respectively

B Gyro bias

D Damping coefficient - average of D and D
no in

D , D . Damping coefficients associated with the torsional flexuresno 

of the nth gimbal about the outer and inner axes respectively.

DR Damping coefficient associated with roto r to case the damping

F Gyro figure of merit.

H Angula r momentum of gyro roto r at speed N
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H Angular momentum of gyro rotor at speed N0

-

- 

/ = F
K ,K . Torsional stiffness of flexures for the nth gimbal aboutno ni

the outer and inner axes

m Spin axi s mass unba lance coefficient

M Moment

M~~ , M~ y Moments acting on rotor along X and OA axis , respectively

n Number of gimbals

N Angular velocity of the motor synchronous speed vector

N0 Gyro tuned angular velocity

P Pendulosity

q Quadrature coefficient

R 1N Defined by Eq. (84).

RZN Defined by Eq. (79) .

R1 
Defined by Eq. (56) .
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Defined by Eq. (57)

Laplacian Operator

SF Scale factor errorxy

t Time H’

Angle between X axis of-the nth gimbal and X of the rotor11 r

Motor torque angle

P Phase angle of vibration in space domain

V Phase angle of vibration in time domain

Per unit scale factor erro r defined in by Eq. (46) .

oN Difference between tuned speed and spin speed - defined ( 1
by Eq. (52).

Amplitude of angular motion of gyro shaft resolved along

case fixed coordinate set

Components of angula r disp lacement-of the gyro case

relative to inertial space,resolved along case fixed coordi-

nate set

92 



r~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ 

~~~~~~
—.— -

Components of angular velocity of the gyro case relative

to inertial space resolved along case fixed coordinate set

~~~
‘ ,G~ ~~~~~~~ 

Components of angular velocity of gyro shaft relative to

inertial space resolved along case fixed coordinate set -

, 
Angular position of rotor relative to the gyro case resolved

along case fixed coordinate set

‘f 
~~~~~~~~~ 

Angles defining attitude of shaft relative to rotor

~~~, 
~~~~ 

Misalignment angles of shaft axis relative to case fixed

coordinate set

cc), 

~~~~~~~ 
_

ç , Misalignment angles of torqueraxes relative to case fixed

coo rdinate set
4? Angular velocity

Nutation Frequency

Angular velocities of rotor defined by Eqs. (88) , (89) and 90.
Defined by Eq. (91)

(4~ ,(14~.,4?~~~ Components of absolute angular velocity of the nth gimbal

resolved along gimbal fixed coordinate set

Gyro time constant defined by Eq. (53)

d, ~~~ Paa 
~ b’ Pgfl D P

~
, q, q ,  q ,  X

r
I ~ gn~ ~r’ ~p, ~q are

defined in reference 2.
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INTRODUCTION

A model of a multigimbal, ela stically supported , tuned gyroscope is a

~et of equations that describe static, dynamic and performance characteristics

of the gyro.

Gyro model equations and model block diagram may be used for the

following purposes:

a. Servo loop design and analysis

b. Analysis of gyro/servo Loop error s induced by angular dynamic

environment s

c. Analysts of gyro error s induced by static and dynamic translational

acceleration input s

d. Gyro test

e. Gyro adjustments and calibrations

f. Compen sation of gyro static and dynamic error characteristics

g. Basic gyro design.

Accuracy of the model is a function of understanding of the various phenomena

involved and perhaps it is reasonable to assume that the complexity of the model

is directly r elated to the accuracy. in order that the model be useful it must be

simple to use and therefore a set of assumptions mu st be explicitely stated so

that limitations in the accuracy of the model are clearly understood. One

of the basic assumptions made in the subsequent presentations of the model is

that it applies to a tuned gyro of the symmetric type. Symmetrical tuned gyro

is defined as one in which rotor inertias, gimbal inertias and its associated
torsional restraints are so selected as to yield the terms and F

2() 
both

equal to zero. These terms are defined in Ref. (1], and it may be generally stated

that the accuracy of the model is not affected by those terms provided gimbal

inertias are small. Most inertial grade gyros fall into the category of the

symmetrical type. When dealing with the non- symmetric type tuned gyros caution

should be exercized in the use of the presented model for the purpose of servo

9(’
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synthesis. Detailed discussions of a model representing the non-symmetric gyro

is considered beyond the scope of thi s discussion .

The gyro model is presented in two forms: resolved form and vector form.

The variables used with the resolved form are explicitely identified with the input

axes of the gyro. For example: simplified gyroscopic equati on s stated in the

resolved form are:

M = A ~ + H ~ ( 1)x x y

M = A ~ - H ~ , (2)
y y

where the variables M and ~ , M and ~ are explicitely identified with the X
X x y y

and Y axis of the gyro respectively.

Variables used with the vector form are implicitely identified with the

input axes of the gyr o through an assumed relationship of the form stated by

Eq. (3)

~ =
~~~ 

+j ~ 
. (3)xY x y

The vector form of the simplified gyroscopic equations is stated by Eq. (4)

Mxy = - 
‘ 

(4)

where

M~ y M~~+ iM y

U
XY 

= w X +j
~~

(5)
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Substituting of (5) into (4) and equating real and imaginary quantities yields the

simple gyroscopic equat ions as stated by Eq. (1) and (2).

In performing the operations indicated in the previous paragraphs, it was

noted that:

a. Single equation in the vector form together with the definitions
provided by Eq. (3) contains the same information as two equation s
in the resolved form.

b. The real variable associated with the vector form may be thought of
as a vector acting along the X axi s of the gyro.

c. The imaginary variable associated with the vector form may be
thought of as a vector acting along the Y axis of the gyro.

d. Multiplication of a variable by the operator j  phase
shifts this variable in space domain through a positive

angle equal to n/2 radians.

Due to more compact nOtation, simplicity of expressions and ease of servo
design the vector form is widely used throughout this discussion. The simplification
afforded by this method is well illustrated by the model block diagrams shown in
Figure 1 and 2.

The results of work contained in Ref. [1], combined with the definition of a

symm etrical tuned gyro , serve as a basis of simplified derivation of the suspension
related error moments in the multigimbal elastically supported , tuned gyroscope.
This simplified derivation, where the rotor spin axis is assumed invariant
relative to the inertial space, is presented in Appendix B. The
equations thus determined represent contribution to errors by the suspension
system and are stated by Eq. (42).

The section dealing with gyro sensitivities to translational accelerations,

presented in Ref. [2~, forms a basis for the portion of gyro er rors associated
with translational inputs. These errors are discussed in Appendix C and
at~ mar ized by Eq. (71).
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Roto r related moments, independent of the suspension systems used ,

are derived in Ref. [3]. These moments are discussed here in Appendix D

and are stated by Eqs. (104) and (105).

GYRO MODE LS

The behavior and characteristics of a inul tigimbal ela stically supported

tuned gyroscope are derived from the knowledge of the moments acting on the

gyroscope due t ’  all causes as discussed in Appendices B , C and D.

Assuming that the typical criteria for the use of the principle of superposition

are valid in this application, then the resultant torque-to-balance moment,

~~~~~~~~ that must be applied by the gyro torquer , is equal to the algebraic sum

of the rotor-related moments, ~~~~~~~ suspension-related moments, M sxy s

moment due to translational inputs, Mtxy . bias term, Bxy and Bcale facto r

error SF
~y
. Thus,

M~~~y - M8~~y - M~~~~ + B~~~ — SF~~ (6)

The negative sign -used with the moments M5~~~sand ~~~~~~ indicates that

these moments are generated within the gyro and equal but opposite moments

must be applied by the gyro torquer in order to satisfy the torque-to-balance

condition. The term torque-to-balance is used here to denote the condition

in which the gyro torquer supplies torque such that the resultant of all torques

applied to the rotor , measured relative to the gyro case, is equal to zero.

The terms in Eq. (6) are given in Eqs. (104), (42) and (7 1). The origin of

the term B
~~y 

will be discussed later. Substitute Eq.(l04) into Eq. (6)

~~~~~ = A(#xy + ~~
) - iH(4~~~ + t&~~~

) + M
r~~y 

- ~~~~~~ ~~~~~ +

Bxy _ S Fxy (7)
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Define

M~~~y = M rXY 
- M5~~y - M~~~y + - SF~~y (8)

Substituting Eq. (8) into Eq. (7), taking LaPlace tran sform and rearranging

we obtain Eq. (9).

- 

Mfxy() 
- 

M XY() - 

A(s - ~~~~~~~~~~ 9
XY(s)  

- As(s -

where

(10)

Equation (9) is represented in block diagram form and is shown in Fig. A-I .

The moment M~~~y(5)  may be considered to be the command torque, such as

for example would be available from the output of the torque-to-balance

caging loop where the gyro is used in strap down mode. The moment ,

may be thought of as the tota l er ror  moment. For ease o-f reference , the

components of this er ror  moment are listed in Table A—i.  Equations (56)

and (57) define the vectors R
1 

and R
K 

and the relation between the rate

of change of torque angle 
~~~ 

and is discussed in Reference (3].

The gyro model in the resolved form may be obtained in the following

manner: multiply the numerato r and the denominator of Eq. (9) by (s + j W )

and equate real and imaginary coefficients thu s obtaining Eqs. (11) and (12)
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(M~~ ( )  
- M X~~~

) ~ - (Mf~~~ ) - M~~~~~~~) 
~n 

- A(s 2 + X(s)
X(s) — 

As(s 
~~~~~~~ 

( i i)

- 

(M~~ () 
- 

M XM ) ( )  + (M~~ ( J  - 
M)~~~~~ a - A(s2 

+ “i~ 
4’Y(s)‘BY(s) 

- 

2 2 (12)
As(s + w )n

The block diagram shown in Figure A—2 is based on Eqs. (11) and (12).

The term B~~ introduced in Equation (6) accounts for error torques which

are not readily identifiable within the classification discussed in Appendices
B, C and D. Among the major contributors to this bias error moment are:

gyro internal pressure sensitivity bias, internal magnetic coupling sensitivity
bias, external magnetic sensitivity bias, motor voltage sensitivity bias,
pickoff voltage and frequency sensitivity bias, g-sensitive and non—g—

sensit4ve temperature sensitive biases and all other biases sensitive to

external environments. -
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Inspection of Table A— i reveals presence of terms which are a function of

the input angula r rate to the gyro, 
~~XY(s) ’ and the roto r to case pickoff

angle, 
~OLXY~~~

. Normally ,  these terms are considered as consta nt errors

and without appreciable loss in accuracy can be omitted from the transfer

functions shown within the blocks in Figures A-i and A-2 . In cases when it is

not desirable to make such an approximation, these te rms can be readily

moved in Figure A—i so tha t the transfer function in the left  hand block becomes

A [s - i%( 1 - 2F (13)

and the transfer function in the right hand block becomes

1 
1 oN 

(14)
A(s+—~ — 

_ j1~~)(s + -
~~~

- 
+j ~~~~

— )

In arriving at Eqs. (13)and (14) , the damping term associated with

has been neglected ,

D1 _ (15)
r A
n

and ~~~~ was assumed equal to ~~~~~~~~~~~
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ILLUSTRATIONS IN THE USE OF THE GYRO MODEL

Servo loop design and analysis.

There are two principal modes of mechanization of the elastically supported

gyro. in one mode , the gyro is used as a two axi s angular rate sensor (strap-

down app lications) and in the other mode the gyro is used to provide two axi s

angular reference for a stable element. In both these cases , the rotor to

case angle is maintained at null by means of a control loop outside of the
gyro . Block diagram s in Figure s A-3 and A—4 show the two mechanizations .

In the strap down mechanization the transfer function , Sx~~~)~ 
contains the

functions representing the gyro pickoff , demodulator, shaping networks,

(pulse electronics) and the gyro torquer. The input torque , Mf~~ (5)~ is

oriented in such a direction as to keep 
~
9

~XY( ) 
at null. In the stable element

mechanization the transfer function, P~~ (5)~ contains functions representing

the gyro pickoff , (resolver), demodulator, shaping networks, gimbal torquers

and the ~,latfo rmn gimbals. The function of the servo , in this case , is to orient

the gimbals in such a way so that 
~~ xY( ) is maintained at null. Block

diagrams as shown in Figures A—3 and A—4 form a basis of servo loop design

and analysis. The use of complex method in servo loop design is discussed
in Reference [4] .

Gyro/servo loop errors induced by angular dynamic environments.

This type of errors can be obtained directly from the model shown in Figure
A—3 , by simp ly applying the desired inputs 4I~~ and and noting the behavior
of the torque to balance moment Mf~~ . The output from an ideal gyro/servo

loop configuration is given by

Mf~~~ =_jH #xy . (16)

Detailed discussion of these type of errors is presented in Reference (3].
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Use of gyro model for gyro test and adjustments.

Gyro-level testing for the static parameters is usually performed using

constant inputs with the gyro mechanized in the strapdown mode. Under

these conditions, and in the absenc e of angula r input rate s, the moment

applied to the gyro via the gyro torquers is equal to the er ror  moment;

i.

M~~y M~~ y (17)

Using Eq. (17) and the appropriate inputs to the gyro , all components of

error moments due to translational inputs and all components of suspension

related error moments can be isolated, measured and rriiniinized provided

that adjustment means are available for this purpose.

Compensation of gyro static and dynamic error characteristics.

From the block diagram of Figure A-3 we obtain

M~~~ ( )  M XY( ) lOg (18)
XY(s) A(s  - j (d ) 

- 

A(s-j~~ ) XY(s)

Inspection of Eq. (18) reveals that the true input angula r rate vector,~~XY(s)
can be computed from the knowledge of the feedback torque, Mfx y(B)~ 

the

error torque, 
~~~~~~~~~~ 

and the rate of change of the pickoff angle, #04 XY(s)
It is interesting to note, that when the pickoff angle is available , the true

computed angular input rate is independent of the characteristics of the

transfer function , 
~~~~~~~

Typically, the feedback torque is available in the integrated form either

directly from the pulse rebalance loop or analog rebalance with an AID

conversion.
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Integrating and rearranging Eq. (18) we obtain

~XY( s) + 
~~~XY(s) = - 3 1  

~~: ~~XY(s)  ~~~~XY(s)~ 
(19)

The compensation block diagram, expressed in vector form and shown in

Figure A—S is based on Eq. (19). By normalizing of Eq. ( 19) , one obtains

two coupled compensation equations which are shown in the resolved form

in Figure A—6 . The inputs to the compensation processor , diagra~~atically

depicted in Figure A—5 , are the integrals of the vector moments,

applied to the gyro rotor by its torquers, roto r to case pickoff angles,

XY(s) ’ 
and the integral of the error vector moment, MeXY(s) . The

output of the compensation processor is the gyro input angle ,
8 

~~XY( )

it is to be noted that the terms MIXY(s) and 
~~~ XY(s) may be directly

obtained from the gyro outputs an5d typically are processed in an incremental

fo rm. The incremental value of the gyro input angle at the end of the nth

computational interval is normally based on the value of M~~~~ (5) and

XY( 3) 
for thi s interval and the correction terms are obta~ined from the

previous computational interval. The correction terms are: integral of

the error moment and the pseudoconing term which is of the form

+ g9g
~~ 

T XY(s) XY(s)
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APPENDIX B

DERIVATION OF SUSPENSION RELATED ERROR EQUATION S

The derivation of the suspension related error equations presented here

this paper are based on Refs. [1], [2] and [3].

The work contained in Ref. [1] was undertaken without specific assumptions

as to the ratio of rotor to gimbal inertias. Thi s approach, although very general

and rigorous, yields results in a form whose usefulness is somewhat limited

by its comple~dty. However , alter the assumption was made in this reference

that the gimbal inertias were very small relative to the rotor inertia s , the

unwieldy expressions became relatively simple. Since the validity of the

simplified equation s has been confirmed by experimental data , one may then

undertake the derivation of the gyro suspension related error equations with an

initial assumption that the rotor inertias are very much larger than the gimbal

inertias. This assumption may be interpreted to mean that the instantaneous

attitude of the rotor spin axi s does not change as a function of small angular

shaft motions about any axi s perpendicular to the rotor spin axis. This approach

is adopted here in arriving at the set of error moments,Eq. (42), caused by the

multigimbal suspension system.

For ease of reference, four sets of rectangular right-handed coordinate

frames will be used. All the set s have a common origin that is ccincident with

the effective center of tor sional support established by rotor-to-shalt torsional

elements. The reference sets are shown in Fig. B— i and are defined as follows :
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i - set having coordinates X~Y~Z . fixed in the inertial space

r - set having coordinates Xr Y r
Z

r fixed in the gyro rotor

s - set having coordinates X Y Z  fixed in the gyro shalt

n - set having coordinates X Y Z fixed in the nth gimbal.n n n

Next we define the relative angular attitudes of the reference sets. The

rotor is assumed to sp in about its Zr axi s and by the prior assumption this axi s

remains invariant relative to the inertial space. Assuming further that the axi s

Zr is coincident with the axis Z~ , then at time t 0 the sets i and r are aligned

with each other and at any arbitrary time , t , the r—set is rotated about the Z~

axi s through an angle Nt, where N is the rotor spin speed. When the Z axis is

aligned with the Z. axls,the n- and s-sets are coincident and both are rotated

about the Z. axi s,relative to the r— set ,through an angle a .  Note, that the angle

a relate s the angular position of the n-th gimbal with respect to the rotor. The

final attitude of the shalt is generated by rotations of the s-set fir st about the

axis X , thr ough an angle 4) , and then about the axis Y through an angle 4 ) .

Since these angles are assumed to be small, the order of their rotation s is not

important.

Angular Velocity of the n-th Gimbal

The resultant angular velocity of the n-th gimbal is equal to the vectoral

stun of rotor velocity relative to the inertial space and the n-th gimbal velocity

relative to the rotor. Thus ,

(20)
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Resolution of (20 )  along the n- set yields

w = px x -

~ = Ncp (2 1)y x

C.) = N .z

It is to be noted that cp~, does not contribute to gimbal angular velocities because

the gimbal to rotor relative velocity about the Y axis is equal to zero.

Relationship Between Gyro Case Motions Relative to the Inertial Space and

Shaft Motion s in Spinnin g Coordinates

Assume instantaneous angular displacements of the gyr o case relative to

the inertial space about X . and Y. axe s are and 4~~ 
respectively. The angular

displacements are assumed to be small and therefore will be considered as

vectors. Referring to Fig. B-i we obtain the relationships expressed by (22)

and (23)

= cos (Nt + a )  + sin (Nt + a )  (22 )

W y +x 8in
~~~

t m
n) + 4 y c05 ( Nt 1 a n) .  (23)
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Differentiate (22) and (23)

= COB (Nt + a )  N sin (Nt + a )

+ sin (Nt + a )  + $..~, 
N cos (Nt + a )  (24)

= 
~~~ 

sin (Nt + a )  - N cos (Nt + a )

+ cos (Nt + a )  - N sin (Nt + a )  . (25)

Moments Exerted on Rotor by the N-th Gimbal Dynamics, Tor sional

Elements and Damping

The total moment acting on the rotor will be considered to have two

components: one along the X axis equal to M~~, and the other acting along the

OA axis and equal to Mfly

As the gimbal is deflected through an angle 
~~ 

and has an angular velocity ,

relative to the rotor , the moment acting on the rotor along the X1~ axis is

M = K  C9 + D  cP (26 )nx no x no x

The moment M~~ may be obtained from the following consideration: the principle

of equilibrium of moments applied to the gimbal demands that the resultant of ali

the external moments acting on the gimbal about the OA axis mu st be equal to the

inertia moment of the gimbal about thi s axis. Thu s,
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-M + K . cp + D . p = B s~ - (C - A ) w w . (27)
ny zil y flu y n y  n fl z x

The inertia moment stated in the right hand side of Eq. (27)
is equal to the Y component of the vectorial equation
governing the dynamics of the nth gimbals M = HI +o) xH ,

where H 1g denotes different iat ion of the nth gimbal angular
momentum relative to the nth gimbal coordinate reference set .

Rearranging (27)  we obtain

M = K . cp + D . cp - B  ~ + ( C - A ) w ~~~ (28~ny in y in y f l y  n n z x ‘

Substitute (2 1), (22) ,  (23) and (24 ) into (26 ) and (28 )

M = K (4~~ 
COB 

~ 
+ sin 

~~~)

+ D (4~x ~n - 4)x N sin~~~~+~~~ si n g  ~~~~~ N cos 
~~~

) (29)

M = K . (-4~~ 
sin 

~ 
+ cos 

~~~) 

-

+ D m (
~4~x ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- B N (4~~ 
cos - N Bin 

~ 
+ sin p + N cos

+ ( C - A ) N ( 4 ~x cos~~ - N sin p +  4~ 
sin p + 4 ~~ N cos P~~) 

(30)
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Noting that e~
0 = cos 0 + j sin 0 we obtain

1 / j
~n -iP~\c b sP =

~~~~ke + e  
) 

(31)

1 I~~n -i~~\sm~~~~~~~ ~e - e  ) (32)

where

p = N t + a . (33)

Substitute (31) and (32) into (29)

Mnx = K 

[~
x ~~~ (e~~~ +- e~~~~ ) 

+ 
~j (e~~~ - e~~~~ )]

1 / i~~ -ip~\+ D 
[(~~~ 

+ 4~~N) ~ ~e + e 
)

K 

+ + 
Y~~2. (e~~~~ - e~~~

1
~)]

= 
~~~~ [~

x - i~~
) e fl~~(~~~~j4~ ) e

+ 
~~~~ 

+ N + j4
~ 

N - i4~y
) e~~

1

-j pnl
~~~~~~~~~~~~~~~~~~~~~~~ ] 

(34)
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Defin e

+xY = + x +j + Y

= +x -j + Y

(35)

~xY = + j~~Y

XY ~ JCi) y

Sub stitut e (35) into (34)

M 
f ~~~ ~~~~~ + +xy e~~~~ ’]

D r
n o I  — . JP+ i— ~(+~~~ + ~ N) e + - ~ N) e (36)
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Substitute ( 31 ) and (32 ) into (30  ) and use ( 35

M K .  [4’x ~~~~~ (e~~~ - ~
P
n) + ~~~~ (3P n + e~~~~~

)J

~ 
iI3~ -iP~ . ~ I iP~ -iP,~

+ D . - +~~N) ~~ (e 
- e ) + (

~ 4xN + 4~.) ~~ ~e + e

1. 1 I~~ n ~~~~
+ (C - A - B~ ) N [(4x + 4~~N) ~ ~e - e

1 I~~ n ~~Pn
+ ( xN + + y)ii~~ 

- e

= 
K

1 
+ ~~~~~ + + ~y) ~~~~~~

+ 
D . 

- 
4~~N 

- + ~
py) e~~

’
+(~~~ + 

4~~N 
- + 

~
) 

P~

]

• 4xN 4~~~\ 
ip

+ ( C - A - B~ ) N  
{(.X

+ 4 YN -  
~~~~

- +T )  e

I. 4’x~ 
•Y~ ~iPfl

i 
- 

TI 
e

K .
= 

~~~~ 
{~ ~xy e - j4

~~ 
e n]

+ f~~~ - 

~~~~~~~ 
e~~~ + 

~~~~~~~ 
- t~~yN) e

1
~
]

+~~ (C
fl 

- B~ - A~) N + j4~~y
N) - e  ~ + - j4L~yN) c x’] (37)

119

-_ -

~

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _



Equivalent moments due to n gimbal s actin g on the rotor resolved along

the inertially fixed i—set ares

xi n

M =V ’ M cos~~ - ‘V’ M sin p 138
eX 7 A flX fl ~~~~ ny Ii

1 1

M~~ = M sin p +~~~~ M cos p (~9)

Multiply (39) byj = i~1 and add to(38)

it • n
J pn J pnM = M e + 3  M eaXY nx fly

1 1

n
= ~~~ 

(M~~ + i Mx’y
) e~~~~ (40)

Substitute (36) and (37) into (40 )

‘~ ( K  I 2j~ 1
M 5xy = -f 

~~~ 
e +

+ 
~~~~ 

+ i~~ yN 
Zip 

+ - i+~ YN)] I
K . Zip

+ 

D .
+ 
f [~~~~~

y - e - 
~
34XY + 4xy~~~]
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I —

+ ~
- (C~~~ - B~ - A~ ) N 

{~ x~ 
+ e

+ 
~~xY - i+~~yN)] }

1 
fl

( /_ Zj p 2j~
= ~~ ~~~~~~Kx’0~~ +~~y e + + K~1 ~~~ 

e + 4
~x~)

1— — 2j~ • 1
D~ 0 [~ x~ 

+ i+XY N) e + (4~~y -

1— Zj p 1
+ Dm [~

4xy - e + - i+xyN)J

— Zip
+ (c~ - B~ - A )  N - +~~yN) e

+ 3+xy + 4xy1~
] 

~

= E 1(K + K . )  + (K - K . )  
~~~~

+ (D~ 0 + D j )(
~xy -

— Zj p
+ (D~ 0 - D .) (4~~ + e

+ (C~ - A~, - B )  (i+,~~~~ + N

— 23 p 1
+ (C~ - A~ - B )  N - e
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= ~~ ~~~ [K~~ + K .  - N2 (A + B - C ) ]  
~~~~~

- E J N (D + D .)

+4E t[~ 
- K  N2 (A + B - + JN (D -. D .)1 

~xy

— Zj p
- UN (A~ + B - C~ ) - (D - D .)] 

~~~~~ 
e

~~~~~~~~~~~~~~~~~~ [jN (A~~+ B ~ - Cs
) -  (Dflo + D th )]~~Xy (4 1)

Equat i m (41) states the error moments related to Ehe multigimbal suspension

where the gyro shaft is subjected to an arbitrary angular input (email angles)

and the attitude of the rotor spin axi s is invariant relative to the inertial reference.

Assuming D = D .  = D, the Eq. (41) may be written as
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M 8xy M 5~~~~ + M 5~~~~ + M 5~xy + M sbXy (42)

with its components defined by Eqs. (43), (44), (45) and (46).

Direct spring rate moment :

~~~~~~~ = [K + K . - (A + B - C )  N
2
] 

~~~~ 
(43)

1

Quadrature spring rate moment:

M5q~ y = inDN4~xy (44)

ZN angular moment:

M
8~xy = 

~~E{[K~ 0 
- K

~~~+ (A~~+ B~~+ C~ ) N2]~~XY

Zj p
~~iN (A + B ~~~~C ) 4 ~~y e “ (45)

B earing noise moment:

M bXy = [nD - ~~~ (A + B - C )  
N] ~xY (46) - 

-
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V

Analysi s of the components of suspension related error moments is

presented in the following paragraphs.

The direct and quadrature spring rate moment s constitut e the errors

referred to in Ref.  2. as the error s due to rotor offset angle. These momefits

produce steady drift rat e errors when rotor to shaft angle has a constant

non-zero value. Thu s, let

= -e~~ (47)

and let us assume there exists a tuned spin speed equal to N such that

(K + K . )  - (A + B - C )  NZ = 0

or 
1/2

~~~ (K + K . )no ni

N =  (48)
0 U

~~~ (A + B  - C )
n n n

1

Substitute (47) and (48) into (43)
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_ _ _ _ _  _ _  —-~~~~~~~ -—- -
~~— - -

~~~~~~~ = - 

N
2 

- N 2 
~~~ (A + B - C~ ) 

~~~~

N
2 

- N2
o H _- - ZN F ~‘XY

m

= - 6N ~~~ 
(49)

where

H = CN 
(50)

F = 
C - (51)

m 

~~~~ (A~~+ B ~~ ..C~)

6N 2N 
(52)

It is noted that the dir ect component of the spring moment is proportional

to the square of spin speed.

Define gyro time constant

( 53)
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Substitute (47), ( 50) and( 53) into (44) and thu s obtain a simple expression

for the quadrature spring rate moment stated by Eq. (54 )

M sqxy = ~T ®X Y .  
(54)

The rectification effects caused by the ZN angular moment are produced

by the shaft-to-rotor angular motions that occur at twice the frequency of spin.

At these frequencies , the shaft a’~gular ~notions may be different than those of

the gyro case. To allow for thi s effect shaft angular motions,perpendicular

to the spin axis, resolved along the inertial set and denoted will be used

in place of in Eq. (45).

Substituting from (33) into (45) and rearranging, we obtain

n - n Zja n Zja

~ (A + B - C )  ~ (K - K .) e ~ (A +B -C )

lvi 
= 
_ _ _ _ _ _ _ _ _  

I + N  1

svXY 2 n XY

~~ (A + B - C ) ~~ (A +B -C )

n Zj a .

~ (A~ + B~ - C~ ) e ZjNt
- jN

~ (A + B  - C
1

(55)

Let n 2jcr

~ (A + B  - C )  en n
R

1 ~~~ 
(56)

~~ (A. + B  - C )
1 ~ ~ n
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F-
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~

-

~~~

-—-

~~~~~~~~~~~~

-,

~~~~~~~~ 

-

n Zja
~ (K -K .)e ~

1 
no ni

~ (K + K .)

Substitute (48), (51) and (56) into (55)

n Zja
Y (K - K . ) e ~‘

C 2 1 no flu a —

M 5~~ y = 2F 
N0 + N R1 ~~~~fit 

~ (K + K .)

— 2jNt
- [jNR 1] ~~~ e (58)

Substitute (50) and (57) into (58)

M 5~xy = ~~~
° 

~~~ 
(~!-)~ R1] ~~~~~~ 

- 

~~~~ 
R
1] ~ k~~

} 

ZjN t 
(59)

Let the angular motion of the gyr o shaft resolved along the i-set be

= 4~ 
Sill (wt +.y) cos ~3 (60)

= 4)’ sin (wt + y)  sin (3 (61)

Combining ( 60) and (61) into vector form we obtain

= 4,’ e3
~ sin (~w~t + y)

(62)

= 4,’ ~~~~~~ (e t
~~~ - e

_
~~~

t
~~~)

0 Zj
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Take conjugate of (62)

ky = 4 ’~ e
’
~~~~~ (e~~~~

t
~~

) 
- e3~~

t+
~~~ (6 3)

Differentiate (62)

= 4’we~~~cos (wt+y) (64)

= 4’ ~~~~~~~ (e~~~~
’
~ + e

_3
~~t+’~~)

Take conjugate of (64 )

4’ = oi e~~P~~ (e 
j (wt+y) + ~~~~~~~~~ 

(65)
XY o 2

j (wt+y+2(3  )

Substituting ( 63) and (65) into (59) and neglecting terms involving e

as these terms represent error moments at a frequemcy eaual to N + ~~,

Eq. ( 59) becomes

2 -i(P +v )

M 8~~~y = - 
4NF [RK

+ 
(

~~~

)

2

(

~~ 
- 1) Rj ]e

J(2N )t (66)

When N = N and ~i = ZN , Eq. (66) reduces to Eq. ( 67)

J4’ N H
M

8~xy = - 
0

~~~m 
[R

K
+ R

1
1 

(67 )

128

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- -~~-- —--~~~ -— - ------- ----- -_- —-~-~~~~~~~~~~~~~~
- _ . -



Bearing noise moment consists of two components: one due to damping

and the other due to gimbal inertias. Typically, this moment does not give

rise to rectification effects but it provides a mechanism by means of which

the bearing generated noise couples into the rotor and thus may account for

the “torquer trace ” noise in gyros operated in torque-to-balance mode.

Substituting (50) and (53) into (46) the expression for the bearing

noise moment becomes

M bXy - 
ZFJ ~X Y .  (68)
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APPENDIX C

ERROR MOMENTS ASSOCIATED WITH TRANSLATIONAL
ACCELERATION INPUTS

The origins of error moment due to translational acceleration input s

are discussed in Reference [2]. Equation (68) of Reference [2] states the
moment acting on the rotor relative to the gyro case f ixed ref erence coordi-
nate set when acceleration s a and a

~ are present. For ease of reference
Eq. (68), supplemented with the error moment due to anisoelastic effects,

is expressed here by Eq. (69).

— ZjNt
M~~~~~çy (q - jAp) a

~~y + (A g + ~p) a
~~y

e

~ 
~~a + 

~~~ 
a~ e~

Nt 
- ja a

~~ya~ (69)

Substitution of Eq. (61) of Reference [2] into Eq. (69 ) results in Eq. (70)

M - at XY~ 2 XY

-~~(Pr + f  E 1~
gn)

a
xy

+~~ 
(

M d + ~~~~~~ P
gn

eZicIr
n) ]•;XYe

2iNt

r n . 1I ~ y~I jNt
- r~”r - J Xr +~~~~ m y e  e

- jaa~~.1,a~~ . (70)
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Equation (70) states the error moment associated with arbitrary translational
acceleration input s a

~~~
and a

~~
. to the gyr o rotor. This equation may be

written as:

~~~~~ = 
~~~~~~~~~ 

Mt~~~~~+ Mt~xy + M~~~~~+ Mt3xy (71)

The component s of Eq. (71) are discussed in the following paragraphs and
are defined by Eqs. (72) , (73), ( ‘4 ) , (ri . (78) . ( 80) . (82), (83). and ( 85) .
Quadrature moment:

q + q

tqXY 2 aXY

= qa~~y (72)

The quadrature components, q, is a function of geometry of torsional

elements and thus it is a very stable gyro error par amete r .

Spin axis unbalance moment:

Mt X y = ~ (i’r +f  ~~~~~~gn)
axy

= - J ma~~y (73)

The spin axis unbalance coefficient , m, is a function of rotor and gimbal
pendu losities and thus it is somewhat less stable than the quadrature
coefficient.
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ZN translational moment:

Mt~xy = 
~~~~~~~~~ 

+~~~(Md +±  Pgn e
n)]
;~

y e2iNt

— ZjNt= [HR ZN ] ak ye ( 74)

The rectification effects caused by the ZN translational moment are pr oduced
by eff ective acceleration s of rotor and gimbals occurrin g at twice the fr e-
quency of spin. The actual accelerati on s of rotor and gimbals may be
different than those of the gyro case. Thi s situation may occur when some
of the structural frequencies of the gyro are close to the ZN. To allow for
these effects akyinstead of aXy is u sed in Eq. ( 74) .

Let the acceleration s of the gyro rotor and gimbals resolved along
the gyro case fixed set be

aky = a.~ y0e~~ ~iri (c. t + y)

= a~~y0 e313~~~ (e)~~
t
~~~ - e

_ 5(Wt
~~ )

) (75)

Tak e conjugate of Eq. (75) and substitute it into Eq. (74)

M — 
~~~~~~~ 

—, -j~ j  -j( w t+y ) j(wt+y ) ZjNt
tvX Y - ZN ~~ y0 e 2 ~e - e ) e (7

Neglecting terms involving ~~~~~~~~~~~~~ as these terms are associated
with moment s at frequency equal to ZN + w , Eq. (76) becomes
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HR ‘ ~~~~~~~
- 

ZN aXyo j (2N-c. )tMt x y
_ - 

2 e (77)

when —
= ZN , Eq. (77) becomes

j HR 2~~ 3jy e
_)

~(3~•Y)
MtvXy = 2 , (78)

where

~~~2N = + ~ 
(

~~ 

+ ~~~ Pg~ e2
~~~

) 
(79 )

iN Moment:

Thi s moment is due to combination of radial unbalance of rotor and
gimbal and acceleration alon g the gyro spin axis.

jNtMt~xy = - M 
~~r 

- ix r ) 
+L, m~Yg~ C a

~~
e

1

jNt
= 

~~~~ lN 1 a~~e ( 80)

Let a~ = a~1 sin (wt + y)

- a~ -i-- (e~~
)t

~~ - e_ 3 t+~~) 81- 
Zo Zj

Substitute (81) into (80) replacing a~~with a~~(for reasons similar to that
stated in paragraph following Eq. (74)) and neglect component s at
frequency w + N.
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M = rHR 1 a ’ ~~- e )t
~~~ jNt

tUXY 1W Z o 2

JHR IN , -jy j(N -c.~)t- 

2 a
~~~~

e e ( 82)

when

o~~ N, (82) becomes

j HRiN -yyMt~~~y = 2 a~~0e 
‘ (83)

where

~~~1N = - {M(Y 
- j x )  + m

nYgn e~~~

] 

(84)

Anisoelastj c Moment:

M~~~~y = -ja a
~~y

a
~ ( 85)
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APPENDIX D

ROTOR RELATED MOMENTS

Consider a tuned-gimbal gyro in which the rotor is supported by a per-
fect suspension system. A perfect suspensi on system may be defined as one
which in any environment provides translational support for the rotor without
imposing upon it error moments discussed in Appendix B.

Moment s acting on such perfectly supported rotor , resulting from
angular motion of the gyro case , are derived in the Appendix of Reference
[3] and are presented here by Equation s (86), (87), (88), (89) and (90).

M = A w  + Hw  + ( C - A)~~ wziX nx fly ny nz t n y

+ ®y C(c;)~~ - ‘c
i

) - t ty~~
)
nx + DReX (86)

M A~, - Hc., - ( C - A ) ~~ ~~~fly fly fix fix nz t fix

- ®x~~~nz 
- a~) + 

~tx~~~ny + DR€ y . (87)

where

Wnx = + - + ~~~ (88)

W ny = + y + ®y + ( ®x +~~x) + z (89)

= + 
~‘y X 

- 

~x Y  (90)
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Equations (86) and (87) are based on Eqs. (A. 16) and (A. 17) of

Reference [3] where M and M are considered to be equal to D e andsx sy R X
D

R

®

Y 

respectively thus accounting for rotor to case damping effects. In

arrivin g at Eqs. (88), ( 89) and (90) products of small quantities were neglected.

Multiply (89) by j = 1T and add to (88)

~xy + ®~~y + ~ ®XY + 
~xy~ z (91)

Differentiate (91)

= 
~xy ~~~~~~~ + ®~~y+~~ + 

~~~~~~ 
+ ~~~~ (92 )

Multiply (87) by j = v’T and add to ( 86)

M = A w  - jH w - j(C - A) co wnxy nxy nxy nz nxy t nxy

- jC (~ 
~~~~~~~~~~~~~~~~~~~~~~~ 

+ DR®Xy + H(-~~~~w +  ~~~~~~~~~~ (93)

Substituting (91) and (92) into (93) we obtain (94)

~~~~~ = M;1~~~~ 
+ M~~j~~y + M

~~xy 
+ M~ç~y + MraX y + MrTnXy

+ M:r sXy + ~~~~~~~ + M rdX y (94)

The terms contained in Eq. (94 ) are defined by Eqs. (95) through (103). .
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Inertia term - direct component:

M’ = A( 4’ + ® ) 5rIX Y ‘VXY XY

Inertia term - crosacoupled compon ent:

MriXy = jA [@%xy 4 z + 
~~xy + ~~~ 4~ ] . (96)

Fundamental term - direct component:

= ~JH(4~~y +® xy ) (97)

Fundamental term - crosscoupled component:

MrfX y = H(~~~~~ + t
~~~

) 4’z (98)

Ani soinertia term:

M = -j(C - A) c~ w . (99)raXY nz nxy

Motor Dynamics term:

M jC& w . (100)rmX Y t nxy

Spin Axi s Accel. Coup ling term:

M~~5~~y = - jC( w - . (10 1)
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Torquer Axis Misalignment terms:

M~~~ y = 
~~~~~~~~~~~~~~~~~~~~~~~ 

. (102)

Rotor Damping term:

M~~~~~~~~~~~
y 

= Dp~~~y (103)

Equation (9k ) may be written as

~~~~~ = A(+xy + Q~~~~) - iH(4~xy + ~~~~~~ + M~~~y • (104)

where the term Mr~~y may be defined as the rotor related error moment and
is given by Eq. ( 1 05) .

Mr~~y = MriXy + M~ç~y + M~~~~y + Mr~~~~y + M~~5~~y + M
r~~~y

+ M
rdXy 

• (105)
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